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Abstract 
Coupling of Nitric Oxide Transport and Blood Flow: A Computational Modeling Approach 
Xuewen Chen 
Dov Jaron, Ph.D. 
 
 
 
 
 To date, the mechanisms by which Nitric Oxide (NO) is transported and its interactions 
with components in blood and tissue have not been fully elucidated. In this study, four 
computational models were developed to advance the understanding of the interacting 
mechanisms between NO, oxygen (O2) and hemodynamics in the microcirculation. The models 
were developed in increasingly complex phases, entailing the following steps: simulation of 
individual vessels, simulation of paired arteriole-venule, and simulation of small vessel networks 
in 3D configurations.  
To evaluate the effects of blood velocity profiles, red blood cell-free plasma layers and 
glycocalyx on coupled O2 and NO transport within and around small arterioles (30 µm lumen 
diameter), a single vessel model was developed. Three blood velocity profiles (blunted, parabolic 
and plug) were tested in the model. The thicknesses of the plasma and glycocalyx layer were 
varied. The results indicate that most of the resistance to O2 transport is in the bloodstream, and is 
not due to high O2 consumption rates by the endothelium or the vascular wall, although the 
endothelium may be consuming significant amounts of O2 to produce NO. O2 transport to the 
surrounding vascular wall and tissue and axial PO2 gradients depend strongly on convection, 
whereas NO transport is dominated by diffusion and reaction with hemoglobin. Convective 
transport caused only minor variations in radial and axial NO gradients, which were primarily 
influenced by available O2 for endothelial NO production.  
The single vessel model was extended to study the effect of the presence of red blood cells 
(RBCs) in the plasma layer. The average hematocrit in the bloodstream was assumed to be 
constant in the central core and decreasing to zero in the boundary layer next to the endothelial 
surface layer (ESL). The effect of the presence or absence of RBCs near the endothelium was 
xv 
studied while varying the ESL and boundary layer thickness. With RBCs present in the boundary 
layer, the model predicts that there is a very small increase in PO2, but a significant decrease in 
NO in the endothelium and vascular wall. Scavenging of NO by hemoglobin decreases with the 
increase of the boundary layer thickness. The presence of RBCs in the plasma layer has a much 
larger effect on NO than on O2 transport. 
To evaluate the effect of capillaries on NO and O2 transport around an arteriole-venule pair, 
a vessel pair model was developed. Blood flow was assumed to be steady in the arteriolar and 
venular lumens and to obey Darcy’s law in the tissue. Average NO consumption rate by capillary 
blood in a unit tissue volume was assumed proportional to the blood flux across the volume. The 
results predict that the capillary bed, which connects the arteriole and venule, facilitates the 
release of O2 from the vessel pair to the surrounding tissue. Increase in NO production from the 
venular wall may elevate NO concentration in the arteriolar wall if the venule is in proximity to 
the paired arteriole. The capillary bed between the paired arteriole and venule has also been 
shown to contribute to the maintenance of tissue NO level in the physiologically functioning 
range. 
To investigate the effect of shear stress related NO production and blood phase separation 
effect, a 3D blood vessel network model was developed to simulate NO transport in a piece of rat 
skeletal muscle. The NO production rate by the endothelium was assumed to linearly increase 
with shear stress. Hematocrit in each vessel was determined by blood phase separation effect. The 
model predicts that there are low wall shear stress regions in the outer walls at vessel bifurcation. 
These regions are associated with diminished NO production. The shear related NO production 
rate might be higher in the wall of the vessel branch that draws more blood from the parent vessel; 
however, the phase separation effect might decrease the NO contents in the wall of the vessel 
branch. 
xvi 
In conclusion, this study provides useful tools to improve the fundamental understanding 
of the relationships between NO, O2, blood flow and the etiology of pathophysiological 
conditions. 
xvii 
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CHAPTER 1  INTRODUCTION 
 
 
Nitric oxide (NO) is a powerful vasodilator agent released by the vascular endothelium. In 
addition to acting as a vasodilator, NO can also inhibit platelet aggregation and adhesion 
molecule expression, as well as prevent vascular smooth muscle and mesangial cell proliferation 
[1].  Experimental observations that show these functions of NO have been reported extensively 
[2, 3]; however, the mechanisms of NO transport and its interactions with components in blood 
and tissue have not been fully elucidated. The goal of this research was to investigate the 
interacting mechanisms between NO, hemoglobin, O2 and blood flow in the microcirculation. 
The general approach was to develop non-linear diffusion-reaction mass transport models in 
increasingly complex phases, entailing the following steps: simulation of individual vessels 
(Chapter 2 and 3), simulation of paired arteriole-venule (Chapter 4), and simulation of small 
vessel networks with 3D configurations (Chapter 5). The model development was based on 
experimental data and validated by comparing to experimental observations under similar 
conditions. 
 
1.1 Biochemistry of NO 
1.1.1 NO production by the enzyme NO Synthase (NOS) 
NO is formed from the guanidine-nitrogen terminal of L-arginine by NOS. There are 3 
major isoforms reported in the literature:  eNOS, found in endothelial cells (type III), nNOS, 
found in NO producing neurons (type I), and iNOS that is induced by macrophages in response to 
endotoxins or cytokines (type II). 
NO release by eNOS is initiated by changes in shear stress on the endothelial cell surface, 
or the activation of specific endothelial receptors by hormones, such as acetylcholine, 
catecholamine, vasopressin, bradykinin or histamine [4, 5]. Activation of eNOS and nNOS 
  
2
depends upon intracellular Ca2+ and CaM [6]. Increased Ca2+ promotes binding of Ca2+-CaM to 
eNOS and nNOS, displacing caveolin to produce NO [2]. Increases in intra-cellular Ca2+ can be 
stimulated by acute increases in shear stress or by activation of G-protein coupled cell surface 
receptors. Therefore changes in shear stress on the arterial wall by blood flow can modulate NO 
release rate from NOS.  
Activation of the inducible isoform (iNOS) does not require Ca2+. It can be activated by 
macrophages in response to endotoxins or cytokines. 
   Once NOS is maximally activated, O2, L-Arginine and NADPH are required as 
cosubstrates for synthesis of NO; and Flavin adenine dinucleotide (FAD), flavin mononucleotide 
(FMN), tetrahydrobiopterin (H4B) are also required as cofactors [7, 8]. The general oxidation 
reaction that synthesizes NO is [9]: 
NOOHNADP.citrullineLNADPHOArginineL NOS +++−⎯⎯→⎯++− + 22 2511.52   
(Eq. 1) 
Since the typical intracellular concentration of CaM, H4B, NADPH and FAD are 
relatively high; O2 availability has been regarded as the primary factor that affects the production 
rate of NO.  
The general agreement in the literature is that an increase in O2 causes greater NO 
production by eNOS and that the NO production rate can be fitted by Michaelis-Menten kinetics: 
)/(
22max mOONONO
KCCRR +=   (Eq. 2) 
where Km is the Michaelis constant corresponding to the O2 concentration ( 2OC ) at half the 
maximum NO production rate (RNOmax); and RNomax is the maximum NO production rate [10]. 
Results reported from early research suggested various Km values. Rengasamy and Johns 
investigated the effect of different concentrations of oxygen on NO synthase activity of bovine 
brain, cultured bovine aortic endothelial cells and RAW 264.7 macrophages. They reported 
apparent Km values for oxygen of 23.2 +/- 2.8, 7.7 +/- 1.6 and 6.3 +/- 0.9 µM for the brain, 
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endothelial and macrophage NO synthases, respectively [11]. Whorton et al. investigated the 
effect of varying O2 concentrations on NO production by measuring nitrite (NO2-) and nitrate 
(NO3-) production by intact vascular endothelial cells. They found that half maximal NO 
production rate occurred at a PO2 level of 38 Torr[8].  
However, there is experimental evidence that contradicts this predicted O2-dependent 
behavior. Nase and Tuttle, using NO-sensitive microelectrodes to measure perivascular NO 
concentration in rat intestine, found that reduced perivascular O2 concentration increased NO 
release from endothelial cells [12]. They hypothesized that the arteriolar endothelial cells might 
have an O2 sensing mechanism that relates its NO synthesis ability to reduced O2. There are 
several possible ways that perivascular NO might increase during hypoxia. For example, there 
could be greater NO production due to higher shear stress with increased flow during hypoxic 
vasodilation that offsets any decrease in O2-dependent NO production. Also, calcium-dependent 
NO production might increase if there is a rise in endothelial intracellular calcium during hypoxia. 
Another alternative is release of NO from stores in tissue or blood under hypoxic conditions. 
On the other hand, the availability of L-Arginine might also affect eNOS for NO 
synthesis, although the intracellular L-Arginine concentration (~100µM) is much higher than the 
L-Arginine concentration that is required by eNOS to reach 50% maximal activity (~3µM), a 
phenomena known as “L-Arginine paradox” [13]. 
1.1.2 NO scavenging by hemoglobin and smooth muscle cells 
After it is produced, NO diffuses both into the vessel lumen and to surrounding tissues. 
Most endothelium-derived NO is scavenged by hemoglobin in the red blood cells (RBCs) in the 
bloodstream. The portion of NO that diffuses into the vessel wall activates sGC, resulting in 
vessel dilation [14, 15]. 
The reaction of NO with hemoglobin has been regarded as the primary inactivation 
mechanism for NO in invo. The reaction of NO and deoxy/oxy-hemoblobin forms nitrosyl-
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hemoblobin/methemoglobin and the reaction rate is very rapid. Early in vitro experiments showed 
that the reaction rate constant is in the order of 3-5 ×107 M-1S-1, suggesting that the half life time 
of NO in blood is about 1 µs [16, 17]. This has lead to a question that, with such a rapid 
scavenging rate, how the amount of NO reaching the abluminal smooth muscle is able to reach 
the minimum concentration (80-250nM) needed to stimulate sGC [18-20]. 
A number of hypotheses have been proposed to resolve this issue. One explanation is that 
the reaction rate for NO with intact RBCs is several orders of magnitude lower than with 
hemoglobin solution [21]. However, the reaction of NO with whole blood is still rapid according 
to the simulation performed by Buerk [10], in which an estimation of NO half life time in whole 
blood was calculated to be around 1.8 ms. Some intro-luminal factors, such as RBC free layer, 
glycocalyx layer and undisturbed diffusion boundary layer around RBCs [22], have been further 
proposed to explain the contradiction. Some of these factors will be introduced in more details in 
section 1.2. 
 NO produced in the vascular endothelium can diffuse to the adjacent smooth muscle to 
activate the enzyme sGC. This enzyme catalyzes the formation of cyclic3’5’ guanosine 
monophosphate (cGMP) and leads to increase in the intracellular cGMP concentration, activating 
cGMP-dependent protein kinase (PKG). This results in a decrease of [Ca2+] inside smooth muscle 
cells and dephosphorylation of contractile proteins such as myosin light chain, causing relaxation 
of vascular smooth muscle [14, 15]. 
1.1.3 NO inhibited O2 metabolism 
The energy production in cell starts from the binding of O2 to cytochrome c oxidase in the 
mitochondrial inner membrane. NO is able to bind rapidly to the cytochrome c oxidase, 
competing with O2. This competition is dependent on O2:NO ratio. When the O2:NO rate is 
>250:1, NO was shown to have no effect on O2 metabolism [10, 23]. Several nonlinear 
relationships have been proposed for the O2 consumption by tissue cells for mitochondrial 
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respiration. Koivisto et al. performed experiments in isolated mitochondria from rat brown 
adipose tissue [24] and approximated the O2 consumption rate (RO2) as: 
)/( 222max22 22 mOOOO appKCCRR += ,  (Eq. 3) 
where appKm=16µM(1+CNO/27nM), RO2max is the maximum O2 consumption rate and CNO is NO 
concentration. 
A less non-linear O2 consumption function was proposed by Buerk et al. (2003). They used 
a Michalies-Menten type expression: 
)/(
22max22 mOOOO
appKCCRR += .  (Eq. 4) 
1.1.4 O2 related NO reactions 
NO transport in vivo is closely coupled with O2. Some of the O2 related NO reactions 
are listed below, as reviewed by Buerk [10]: 
+− +→++ HNOOHONO 4424 222   (Eq. 5) 
−− →+ ONOOONO 2     (Eq. 6) 
32 NONOONOONO +→+ −−   (Eq. 7) 
−+→++ ONOORSNOORSHNO 22  (Eq. 8) 
NORSSRRSNO 22 +→    (Eq. 9) 
The first reaction is auto-oxidation of NO with O2. Lewis and Deen performed 
simultaneous and continuous measurement of the concentration of NO and nitrite (NO2-) for 
the reaction of NO and O2 in aqueous solution in a stirred reactor [25]. Their results showed 
that the rate of reaction of NO can be described by the expression 4k1[NO]2[O2]. Buerk 
simulated NO disappearance in difference O2 concentrations using this reaction rate and 
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revealed that, for initial NO concentration of 250 nM, the NO half life time can be hours in 
normal physiological tissue PO2 ranges [10]. 
Equation 6 and 7 show the reaction between NO and reactive oxygen (ROS) and 
nitrogen species (RNS). ROS and RNS are essential in maintaining cardiac and vascular 
integrity; and an increase in vascular production of ROS and RNS are linked cardiovascular 
dysfunction, such as hypertension, diabetes, atherosclerosis, congestive cardiac failure and 
etc. A decrease in NO availability is a common event associated to these conditions [26, 27]. 
ROS, including superoxide (O2-), hydrogen peroxide (H2O2), hydroxyl anion (OH-), and RNS, 
including peroxinitrite (ONOO-), can be produced by all vascular cell types primary through 
cell member associated NAD(P)H oxidase. In normal physiological condition, O2-, H2O2, NO, 
OONO- and OH- are all produced at various degrees and the production are regulated by anti-
oxidants such as superoxidate dismutase (SOD), thioredoxin, glutathione and other small 
molecules [28-30]. Buerk et al. simulated the coupled transport of O2, NO, ROS and RNS 
around a small arteriole, and the results show that increase in SOD improves bioavailability 
and OONO- formation [31]. The production and elimination of ROS and RNS are balanced in 
normal physiological condition. Kavdia also developed a mathematical model to study NO 
interactions with O2, O2-, and ONOO- in microcirculation and he showed that the interactions 
have relatively little effect on the NO level in the vascular smooth muscle [32]. 
The last two reactions involve a theory called carrier theory, which suggest 
hemoglobin acts as a carrier of NO instead of scavenger [33]. S-nitrosothiols (RSNO), the S-
nitros(yl)ated products of thiols are the important intermediate for nitric oxide (NO)-mediated 
biological actions. Some studies have suggested that S-nitrosothiols (RSNO) is the storage 
form, of NO [33-35]. The specific mechanisms for NO reactions with RSH are still in debate.      
                             
  
7
1.2 Intra-luminal factors affecting NO transport 
Intra-luminal factors, including Endothelial Surface Layer and an RBC-free zone near the 
vessel wall caused by Fåhraeus effect, hematocrit profiles and blood flow profiles, are very 
possible to affect NO and O2 transport [36-40]. The influence of these factors were addressed in 
Chapter 2 and Chapter 3. 
1.2.1 Endothelial Surface Layer (ESL) 
 The physiological relevance and clinical implications for damage to the ESL have been 
reviewed by Pries et al. [41]. The effects of ESL on blood flow in capillaries was modeled by 
Secomb et al. [42]. The structure consists of a very thin layer of negatively charged glycosylated 
macromolecules (glycocalyx) directly attached to the endothelial membrane, averaging 60 to 110 
nm in thickness, with a much thicker outer layer of adsorbed soluble plasma components. Based 
on quantitative in vivo microscopic observations of the microcirculation and mass balances 
calculated for RBC fluxes through capillaries, the ESL has been estimated to extend as much as 
1.2 µm into the lumen [43], although the actual thickness or even the existence of this layer have 
been controversial. The general conceptual viewpoint is that the glycocalyx and ESL act as a 
deformable, gel-like stagnant boundary layer between the bloodstream and the endothelium. 
Some fluid flow may penetrate approximately 0.1 µm into the outermost edge of the ESL, based 
on modeling by Damiano et al. [44]. Functional properties attributed to the ESL include 
modifying the hydrodynamic shear stress experienced by the endothelium, acting as an 
anticoagulant barrier that minimizes contact between circulating immune cells by covering 
endothelial surface adhesion molecules, and acting as a molecular sieve that modulates vessel 
permeability to large molecules. The ESL contributes additional vascular resistance to the 
microcirculation, increasing the amount of energy that is required to maintain blood flow. For 
example, it has been estimated that a 0.5 µm thick ESL would contribute 14% of the flow 
resistance in a 30 µm diameter venule [45]. Pries et al. [41] speculated that the ESL might 
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influence O2 transport, particularly in capillaries, by increasing the length of the diffusion 
pathway. The author hypothesized that the resistance of ESL may limit NO diffusion from the 
endothelium toward the bloodstream. 
1.2.2 RBC free layer 
The RBC free layer is formed under shear flow by axial accumulation of deformable RBCs 
[46]. This resulted in two famous observations in the microcirculation, Fåhraeus effect [47] and 
Fåhraeus-Lindqvist effect [48].  Fåhraeus effect is the phenomena that, in small vessels 
(diameters < 100 µm), tube hematocrit is always lower than discharge hematocrit - this is because 
the average RBC velocity is higher than the mean blood velocity due to the conservation of the 
number of erythrocytes and hemoglobin; Fåhraeus-Lindqvist effect is the observation that the 
flow resistance of blood decreases as vessel diameter decreases for vessel with diameter less than 
0.3 mm.  
The thickness of the RBC free layer in larger vessel (diameter > 10 µm) is different from 
smaller vessels (diameter < 10 µm). RBC flow in small vessels is always single-filed, while in 
larger vessels it is multi-filed [49]. Several factors affect the thickness of RBC free layer in larger 
microvessels, as summarized by Tateishi [50]: 1) it increases with the inner diameter of 
microvessels; 2)  lowering hematocrit increases the thickness; 3) fast flow and shear stress 
elevates the thickness [50], and 4) the decreased deformability of erythrocytes reduces the 
thickness.  
The RBC free layer thickness in smaller vessels is hardly affected by blood flow velocity, 
hematocrit and erythrocytes deformability. 
The author hypothesized that the RBC free layer provides resistance for NO diffusion from 
the endothelium to the blood stream. 
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1.2.3 RBC profiles 
The distribution of RBCs in the bloodstream is non-uniform. Due to the two phase nature 
of blood, RBCs tend to accumulate in the center of the bloodstream. While in smaller numbers 
than in the core, the presence of RBCs in the plasma layer near the endothelium may have a 
significant influence on NO synthesis and transport. Experimental observations of RBCs in the 
plasma layer can be found in the literature [51], although detailed information on hematocrit 
profiles is limited. Prakash and Singh obtained erythrocyte distribution profiles at hematocrit 
values from 10% to 60% in a glass capillary of diameter 200 µm using axial tomographic and 
image velocimetry techniques [52]. Their results showed that the profile becomes increasingly 
blunt as the average hematocrit rises to levels similar to those encountered physiologically. Long 
et al. performed experiments in rat venules using fluorescent microparticle image velocimetry 
and calculated viscosity profiles in the vessel lumen [53]. They showed that viscosity was 
constant across the center of the venule, but near the vessel wall, it decreased approximately 
linearly. In later work, they related viscosity to blood hematocrit (unpublished observations). 
The author hypothesized that the luminal RBC profile affects NO transport. 
1.2.4 Blood flow 
Shear stress in a physiological range (10 – 40 dynes/cm2) stimulates NO production from 
the endothelial cells [54, 55]. Kuchuan and Frangos monitored release of NOx (NO2- and NO32-) 
and cellular cGMP concentration from the human umbilical vein endothelial cells under well 
defined laminar flow, and they found that the stimulation process may include two phases [6]: 1) 
Ca2+/CaM-dependent NO burst phase; 2) Ca2+ independent phase. The burst phase last for a 
period varying from seconds to about 30 minutes after shear stress is applied. The Ca2+ 
independent phase is related to maintain a low NO production rate and the production lasts as 
long as the shear stress is applied [6, 56]. 
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Blood flow in curved vessels or at vessel bifurcations resulted in low shear stress regions 
(less than 5 dynes/cm2) on the vessel wall. Disturbed blood flow in these locations impairs vessel 
vasodilatation and the regulation of NOS expression, and might play a role in the development of 
vascular diseases, such as atherogenesis [57, 58].  
A number of measurements have been performed to measure the production of NO in 
response to shear stress in vitro experiments [6, 59, 60]. In particular, Mashour and Boock [59] 
measured NO production from human cerebral endothelial cells cultured in an artificial capillary 
system, suggesting that there is a linear relationship between NO production and shear stress. 
Additionally, the convective effect of blood flow is also one of the key factors that affect in 
vivo O2 transportation. Hellums reviewed the study on O2 transport models and suggested that the 
effect of intra-luminal blood flow velocities should be considered on O2 supply from blood to 
tissue [61]. This convective effect of blood flow on O2 transport may cause consequences on NO 
transport. 
1.3 NO transport in microvasculature 
NO distribution in microvasculature is affected by the characteristics of the vascular bed, 
including the geometry of blood vessel network, vessel types and phase separation effect. The 
author addressed the influence of these factors in Chapter 4 and Chapter 5. 
1.3.1 NO released from venule affecting the paired arteriole 
The paired structure of venule and arteriole is an important factor in regulating blood flow 
in response to change in tissue metabolism. An increase in the tissue metabolism rate can lead to 
dilation of the arteriole, resulting in the elevation of blood flow, bringing additional nutrients and 
O2 into the tissue and removing metabolic byproducts. Satio et al.[62] applied 2,4-dinitrophenol 
(DNP) to the hamster cremaster muscle to increase the local tissue metabolic rate and found that 
the arteriolar diameter was increased significantly. The arteriolar dilation was attenuated if the 
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paired venule was occluded. This observation suggested that diffusion of substances between 
paired venule and arteriole plays an important role in regulating blood flow in the artery. 
However, the precise mechanisms governing blood flow regulation in the paired arteriole-venule 
structure have not been elucidated. 
One of the proposed mechanisms is related to NO transport between the paired arteriole 
and venule. Falcone and Bohlen [63] observed significant arteriolar dilation by applying 
acetylcholine near the venular wall. The authors also found that methylene blue and dithiothreitol, 
which are inhibitors of endothelial derived relaxing factor (EDRF) actions, can greatly attenuate 
vasodilation, but can not inhibit vasodilation caused by the application of adenosine, an 
endothelium-independent dilator. Their results suggested that transport of EDRF between the 
venule and arteriole caused arteriolar vasodilation. Boegehold [64] occluded “one branch of an 
arcade venular bifurcation with divergent flow”, thus increasing the blood flow and shear rate in 
the venule. They found that the occlusion resulted in the vasodilation of the paired arteriole. The 
dilation was greatly attenuated by applying NG-monomethyl-L-arginine (L-NMMA), a NO 
synthase inhibitor. Falcone and Meininger [65] isolated segments of paired arteriole and venule 
from skeletal muscle and applied acetylcholine and bradykinin (BK) to the venular lumen. The 
diffusion of acetylcholine and BK from the venular lumen to the arteriole produced pronounced 
vessel dilation. The dilation was completely abolished by the application of L-NMMA to the 
tissue. These experimental observations indicated that NO released from venules is important to 
the vascular tone regulation of the adjacent arteriole. 
1.3.2 Roles of capillary in NO transport in vasculature 
There are a number of uncertainties regarding the mechanisms by which NO regulates 
vessel tone. One is whether the capillary bed releases NO, and if so, whether the released NO 
affects vascular tone. There is a paucity of experimental reports regarding NO release from the 
capillary endothelium, partly due to the difficulty of isolating the capillaries from the vessels. 
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However, due to the abundance of capillary endothelial cells, it may be assumed that they either 
form an NO source or that they contribute to NO transport between arterioles and venules. 
Mitchell and Tyml [66] used intravital microscopy to observe the capillary response to local 
application of L-NAME, a NO synthase inhibitor, and bradykinin, a NO synthase stimulator. The 
authors found that locally applied L-NAME can reduce the RBC flux and velocity in the capillary 
significantly, but had no effect on the feeding arteriole and draining venule. They also reported 
that locally applied BK, on the other hand, could cause pronounced increases in RBC velocity in 
the capillary and give rise to remote arteriolar dilation. They concluded that NO is released from 
capillaries, affecting arteriolar tone. 
Capillary released NO might also be related to diabetes. Nellore and Harris [67] 
measured NO concentration around arteriole-venule pairs in healthy and diabetic rat mesentery. 
Their results indicated that, in healthy rat mesentery, arteriolar dilation and consequent enhanced 
capillary flow appear to be regulated by NO released from the venular endothelium; however, the 
arteriolar dilation disappeared in diabetes. They concluded that poor capillary perfusion in 
diabetes disrupts the connection between the arteriole and venule. 
1.3.3 Phase separation effect affecting NO transport 
One of the most important factors that determine NO distribution in the vascular bed is 
RBC flow distribution in the vascular network. It has been the longly observed that the hematocrit 
is not the same for each vessel in the blood vessel network. This is due to the two-phase nature of 
blood.  
As shown in Figure 1.1, Qp, Qα, and Qβ are define as the blood flow in parent vessel P, 
daughter branches α and β; qp, qα, and qβ are define as the RBC flow in parent vessel P, daughter 
branches α and β; FQα and FQβ are defined as the fractional blood flow in daughter branches α 
and β: FQα=Qα/QP, FQβ=Qβ/QP. Fqα and Fqβ are defined as the fractional RBC flow in daughter 
branchs α and β: Fqα=qα/qP, Fqβ=qβ/qP. Phase separation effect is the phenomena that the fraction 
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of the RBC flow in a daughter branch is not necessarily equal to the fractional blood flow 
entering that branch. For example, Fqα is not necessarily equal to FQα in Figure 1.1. The branch, 
which receives a higher fraction of blood flow, obtains even higher RBCs from the parent branch. 
[68, 69].  
 
 
 
 
Figure 1.1.  Blood phase separation effect in a vascular branching: RBC fractional flow in daughter 
branch α is not necessarily equal to that in branch β. 
 
 
 
Pries et al. studied 65 microvascular bifurcations in rat mesentery and developed an 
empirical relation to describe the distribution of blood and RBC flows in an individual bifurcation: 
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where logit(x)=ln(x/(1-x)), X0 defines the minimal fractional blood flow required to draw red 
blood cells into the daughter branch, B denotes the nonlinearity of the relation between Fqα and 
FQα, and A describes the difference between the relations derived for the two daughter branches, 
DP and HD are diameter and hematocrit in the parent branch, Dα and Dβ are diameters of the 
daughter branches [68]. 
1.4 Previous Mathematical Models 
The transport of NO is closely coupled with O2. The research of NO transport using 
mathematical models is at its infancy, O2 mathematical models, on the other hand, are more 
abundant in the literature. The author will develop mathematical models of coupled NO and O2 
transport in the microcirculation. 
1.4.1 O2 models 
The early investigators [70-72] made a number of assumptions in their blood-to-tissue O2 
transport model, including that blood is homogeneous hemoglobin solution; vessel wall was 
considered to not consume O2, and O2 does not react with other chemicals in blood and tissue. 
Although with these oversimplifications, early investigators were able to set up a fairly well 
framework of O2 transport, and discovered a number of interesting phenomena. 
A typical early model with those simplifications is by Lagerlund et al. [70, 71], who 
studied the O2 transport in the capillaries and tissue surrounding rat nerve based on the work of 
Reneau et al. [72]. The model coupled O2 transport within the vessel lumen and in the tissue. In 
addition, it was assumed in the model that the only sink for O2 is tissue, which consumes O2 with 
Michaelis-Menten Kinetics. Lagerlund et al. found that Michaelis-Menten Kinetics could shift 
the overall O2 distribution in the model. Tissue regions with lower oxygen tension were reduced, 
while the regions with higher oxygen tension were expanded. They also made a comparison 
among the factors, which presumably increase the oxygen tension profile in the tissue cylinder. 
The authors found that the change of inter-capillary distances have the most important effect on 
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O2 tension distribution in the model, followed by changes in capillary radius, O2 consumption, 
blood flow velocity, arterial O2 tension, and the constant in Michaelis-Menten kinetics. However, 
the relationship between O2 flux released from blood and the metabolism rate in tissue was not 
discussed. 
Popel et al. used a Fick’s law diffusion model, which includes a term representing 
capillary flow, to analyze the experimental data on O2 flux from arterioles in the hamster cheek 
pouch retractor muscle [73]. They showed that if mitochondrial respiration were the only sink for 
O2 as in earlier models, the available O2 supply from blood would be more than the needs of 
tissue. 
Tsai et al. performed experiments combined with mathematical modeling to study O2 
transport around an arteriole in rate mesentery. They hypothesized that the extra O2 is consumed 
by vascular wall, which has an extremely higher O2 consumption rate than the surrounding tissue 
[74]. In the experiment, Tsai used Phosphorescence Quenching Microscopy technique to measure 
PO2 values inside arterioles lumen and surrounding tissues directly. Based on the PO2 values in 
the tissue, Tsai established PO2 profiles in tissue. Although the radial intravascular PO2 profiles 
could not be obtained due to the limit of the experimental equipments, they measured the 
intravascular PO2 values, which were very close to the inner membrane of the vessel. They found 
a dramatic O2 partial pressure drop inside the vessel wall. They also noticed that other 
investigations showed the dog hind limb O2 consumption decreases by 34% when endothelium is 
removed from the vessel (7). Tsai et al. also developed a two dimensional model and estimated 
the O2 consumption rate, using the O2 profiles obtained. They concluded that an estimate of O2 
consumption rate of 2105.6 −×  (ml O2/cm3 tissue sec) in 30~50-µm-diameter arterioles in rat 
mesentery was 0.458.277 ±  times mesenteric tissue O2 consumption rate.  
The hypothesis that vessel wall is an important O2 sinker is quite reasonable, however, it 
is questionable that the O2 consumption rate is 300 times higher in vessel wall than in tissue [75, 
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76]. Hellums et al. reviewed O2 transport models and estimated the intraluminal O2 gradient and 
found that using higher O2 permeability values can decrease the abluminal O2 gradient, but not 
the intraluminal O2 gradient [61]. They also suggested that the luminal O2 diffusion resistance, 
neglected in most previous models, should be included in future models. In a recent review, Tsai 
et al. commented that the non-uniform distribution of RBCs in the bloodstream due to the 
Fåhraeus effect might be an important factor for O2 delivery [77]. 
Another hypothesis is that capillary may play an important role in O2 delivery from 
arteriole to tissue. Secomb and Hsu [78] developed a mathematical model to study O2 transport 
around two arteriole trees that are aligned nearly in parallel. They re-constructed the blood vessel 
network based on the measurements by Ellsworth and Pittman [79] and used Green function 
method to solve the model. Their simulation included capillaries, which were assumed to be 
present in the tissue near the arterioles. Their computations suggested that a significant amount of 
O2 diffused from the arteriole to the capillaries. However, the  model did not consider the 
presence of radial O2 gradients inside the vessel lumen, as has been observed in experiments [51]. 
1.4.2 NO models 
Mathematical models studying NO transport are scarce in literature and most models 
have been developed to investigate local NO transport, either around a group of cells or around a 
single arteriole.  
One of the earliest NO transport model was developed by Lancaster [18]. The 
concentration field for a single cell and a 41-cell compartment were calculated to assess the 
relationship between the intracellular NO generation and extracelluar NO diffusion and reaction. 
Their results indicated that the amount of NO reaching the abluminal smooth muscle was below 
the minimum concentration (80-250nM) needed to activate [19, 20], due to the rapid reaction of 
NO and deoxy/oxy-hemoglobin in the blood vessel lumen. This raised one question, which is 
whether the amount of NO that reaches smooth muscle is high enough to produce vasodilation.  
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Butler et al. [80] developed a mathematical model to simulate NO transport within and 
around an infinite cylinder. Butler et al. considered in their model a RBC-rich region with very 
high NO scavenging rate and a RBC-free region with a zero NO scavenging rate. Simulations 
were performed using different vessel diameters and their results suggested that there is 
substantial amount of NO diffuse from the endothelium to the surrounding tissue. 
El-Farra et al. developed a two-dimensional multi-cellular model, to consider the effect of 
the non-uniform RBC profiles on NO transport within and surrounding [81] a vessel with 
diameter 50 µm. In their simulation, four different scenarios were evaluated. In the first scenario, 
RBCs were modeled as a homogeneous hemoglobin solution; in the second and third scenarios, 
RBCs were assumed to be discrete cells, distributed randomly in the lumen. The RBC membrane 
was assumed to allow NO to pass freely in the second scenario, and to resist NO diffusion in the 
third scenario; the last scenario kept the same assumption as in the third scenario but added a 
RBC-free plasma layer near the wall with a thickness of approximately 5% of the vessel radius. 
The random distribution of RBCs in their model is similar to a uniform distribution when the 
hematocrit equals to 45%, because “the NO distribution is essentially independent of the RBC 
placement due to the resulting tight packing of the RBCs” [81]. Their results for the third and 
fourth scenarios suggested that the presence of RBCs reduced peak NO concentration in the 
endothelium by approximately 18%.  
Kavdia and Popel studied the effect of wall shear stress, using a two dimensional 
diffusion model, on NO level in arterioles with diameter 50 µm. A linear relationship between 
eNOS production rate and wall shear stress was assumed. The NO scavenging ability by blood 
was varied by assuming the appliance of volume expanders and hemoglobin-based oxygen 
carriers (HBOCS). Their model suggested that a physiological wall shear stress of 24 dyn/cm2 
could cause NO concentration around 100 nM in smooth muscle. 
Lammkin-Kennard et al. previously investigated how the plasma boundary layer, formed 
as flowing red blood cells (RBCs) migrate towards the center of the bloodstream (Fåhraeus-
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Lindqvist effect), influences coupled O2 and NO transport in arterioles [82]. The two-phase 
model for blood was used with RBCs in the central core surrounded by a RBC-free plasma layer. 
Even though mass conservation requires that the core hematocrit must increase above systemic 
hematocrit with thicker plasma layers, causing greater NO scavenging by hemoglobin in the 
RBC-rich core of the bloodstream, the model predicted that, for a given rate of NO production by 
eNOS, NO values in the endothelium, vascular wall, and surrounding tissue increase as the 
thickness of the plasma layer increases. The effect becomes more pronounced with small 
arterioles (internal diameters < 30 µm), and is a consequence of the resistance of the plasma 
boundary layer to diffusion. In another similar model developed by the same group [82], O2 
dependent NO production from NOS and NO mediated O2 consumption by tissue were 
considered. The results predicted that NO levels in the endothelium and vascular wall is higher 
with additional NO production from iNOS or nNOS at perivascular locations than with NO 
production from eNOS alone. The group also modeled the competition between superoxide and 
superoxide dismutase on NO bioavailability, and the resulting impact on coupled O2 and NO 
transport in arterioles and surrounding tissue [31]. These modeling efforts were consistent with 
the majority of previous models for NO transport in the literature [10], which are based on a 
simplified one-dimensional radial mass transport model for NO by diffusion. Convective effects 
were ignored in previous models, since it is generally assumed that the scavenging reaction for 
NO in the bloodstream is extremely rapid compared to diffusion. Axial diffusion has also been 
neglected in most models.  
Convection was included in a simplified one-dimensional model for NO transport by 
Smith et al. [83], based on laminar flow through parallel flat planes. Using a relatively low rate 
for NO scavenging by hemoglobin, and rapid blood flow rates and short transit times representing 
very small renal arterioles (16 µm diameter, 140 µm length), their model predicted favorable 
conditions for significant downstream transport of NO in the bloodstream, suggesting that 
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convective transport could influence vascular tone relatively far downstream from the site of NO 
production. 
Previous models of NO transport between closely paired arteriole and venule are scarce. 
The only one appearing in the literature, to author’s best knowledge, is a two dimensional, planar 
model developed by Kavdia [84]. In this model, an arteriole was assumed to reside in very close 
proximity to a venule (25 µm between arteriolar and venular wall), capillaries were assumed to be 
uniformly distributed far away from the arteriole and venule, but not around or between them. 
The capillary endothelium was assumed to produce NO at a constant rate of 0.086 µM/s. Kavdia 
et al. varied the NO production rate from the arteriolar and venular walls, and found that NO 
transport between the arteriole and venule is possible and may be important for vessel tone 
regulation. However, this model did not consider the effect of O2 availability or convection on 
NO distribution, nor the possible presence of capillaries crossing the space between the arteriole 
and venule [51]. 
 
1.5 Specific Aims 
The goal of this study was to develop mathematical models to study the interaction 
between NO, O2, hemoglobin (Hb), and blood flow hemodynamics in microvessels and tissue 
using parameters from experiments. 
Hypotheses  
(a) Blood flow velocity profiles, the plasma layer and endothelial surface 
layer (ESL) are important factors that affect NO and O2 transport inside the vessel 
lumen. 
(b) The presence of RBCs in the plasma layer can facilitate the delivery of 
O2 from blood to tissue, but decrease the NO availability in tissue. 
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(c) NO released from venular wall is a facilitator of  the arteriolar wall 
dilation 
(d) Capillaries participate in NO regulating vascular tone and maintain basal 
NO level in vascular bed. 
(e) The amount of NO delivered from the endothelium to tissue is affected 
blood phase separation effect in microvasculature 
(f) Shear stress induced endothelial NO production at vessel bifurcations is 
related to pathophysiology underlying conditions such as atherogenesis 
Specific Aims: 
A. To develop single vessel model to evaluate the effects of different blood velocity 
profiles (parabolic, blunted, plug flow), red blood cell-free plasma layers with and 
without a glycoprotein endothelial surface layer (glycocalyx, ESL), O2-dependent 
endothelial NO production, and reversible NO-dependent inhibition of vascular 
wall and tissue O2 consumption on coupled O2 and NO mass transport in a segment 
of a small arteriole.  
B. To extend the single vessel model to include the influences of non-uniform 
hematocrit profiles in the lumen of small arteriole, caused by Fåhraeus effect, on 
nitric oxide (NO) and O2 transport, and to compare the model predictions with 
experimental data from the literature.  
C. To develop a parallel vessel model to study the co-transport of NO and O2 in a 
capillary perfused tissue containing an arteriole and venule pair 
y To simulate the effect of capillaries on NO production and O2 
delivery 
y To simulate how paired pattern of arteriole-venule facilitates the 
regulation of arteriole tone by venule 
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y To determine the role of capillary in NO/O2 transport between the 
vessel pair 
D. To develop multi-vessels models to study NO transport in a microvascular 
network 
y To determine the hematocrit distribution in the vessel network 
y To relate NO scavenging ability by blood to hematocrit distribution 
y To relate the production of NO to shear stress 
y To valuate the effects blood rheology and blood phase separation on 
NO distribution around vessels 
E. To compare and validate the simulation prediction with experimental values  
1.6 Significance 
In recent years, a large amount of experimental data has been published with regards to the 
formation and transport of NO in the circulation and factors that may affect these processes, such 
as O2 or shear stress. Many hypotheses have been proposed about these transport processes. 
However, limited attempts have been made to quantify these hypotheses using a comprehensive 
mathematical model. This study will provide a useful tool for synthesizing experimental data and 
enable testing of the many hypotheses surrounding the formation and transport of NO. 
This study could also be used to improve the understanding of the relationship between NO 
and the pathophysiology underlying conditions such as angiogenesis and diabetes by examining 
the roles of O2, blood flow and associated shear stresses and hematocrit. 
Specific medical applications where the research could be used include development of 
blood substitutes and development of new pharmacological agents or modification of current 
pharmacological strategies. For example, scavenging of NO by free hemoglobin in the absence of 
red blood cells is a significant problem that limits the use of hemoglobin-based blood substitutes 
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clinically [85].  The proposed research should assist in the development of new blood substitutes 
using computer modeling as an additional validation method prior to clinical trials. 
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CHAPTER 2 MODELING THE EFFECTS OF HEMODYNAMIC VELOCITY 
PROFILES, PLASMA BOUNDARY LAYERS, AND GLYCOCALYX ON 
COUPLED O2 AND NO TRANSPORT IN ARTERIOLES 
 
2.1 Introduction 
In this chapter, a cylindrical model was developed to investigate how intraluminal factors, 
including different blood velocity profiles (parabolic, blunted, plug flow), RBC-free plasma 
layers and varying thickness of the ESL, might influence the mass transport of O2 and NO 
transport in small arterioles (30 µm lumen diameter) and surrounding tissue.  
Physiological data and parameters used in this study were based on in vivo 
phosphorescence quenching PO2 measurements and other experimental data reported in the 
literature [74]. The results of this study has been presented [86]. 
 
2.2 Methods 
The model assumes steady state, two-phase blood flow through a straight segment of an 
arteriole with a RBC-rich core in the center of the bloodstream, surrounded by a thin RBC-free 
plasma layer. A thin endothelial surface glycoprotein layer (glycocalyx ESL) acts as a stagnant 
boundary between the endothelium and bloodstream, with negligible fluid flow in either the radial 
or the axial direction. Transport of O2 and NO through the glycocalyx, endothelium, vascular wall 
and surrounding tissue is by radial and axial diffusion. O2 and NO transport are coupled through 
requirements for O2 as a necessary substrate for NO synthesis, and through the reversible 
inhibition of O2 consumption by NO [31, 36, 82].  
The model geometry, shown in Figure 2.1, consists of six concentric layers: RBC-rich 
core (0<r<r1), RBC-poor plasma layer (r1<r<r2), endothelial surface layer (ESL or glycocalyx, 
r2<r<r3), endothelium (r3<r<r4), vascular wall (r4<r<r5) and surrounding tissue (r5<r<r6). 
Dimensions and model parameters for the simulations are listed in Table 1. 
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Table 1. Model Dimensions and Parameters for Chapter 1 simulation 
Symbol  Value(s)  Definition 
L  250  µm  Length 
r1  13 µm  Outer radius of RBC-rich core 
r2  14 – 15 µm  Interface between plasma layer and glycocalyx 
δp = (r2 - r1) 1 – 2  µm  Thickness of plasma layer 
r3  15 µm  Interface between glycocalyx and endothelium 
δg = (r3 - r2) 0 – 1 µm  Thickness of glycocalyx 
r4  16 µm  Interface between endothelium and vascular wall 
r5  19 µm  Interface between vascular wall and tissue 
r6  120 µm  Outer radius of tissue 
HD  45 %  Discharge hematocrit 
Cmax  8  mM  Maximum O2 carrying capacity at 45% hematocrit 
2O
α   1.34 µM Torr-1 O2 solubility (all layers) 
2O
D   2800 µm2 s-1  O2 diffusion coefficient (all layers) 
DNO  3300 µm2 s-1  NO diffusion coefficient (all layers) 
2O
R wall  1 µM s-1  Maximum O2 consumption rate in vascular wall 
2O
R tissue 20 µM s-1  Maximum O2 consumption rate in tissue 
RNO  1 – 300 µM s-1  Maximum NO production rate in endothelium 
λb  382.5 s-1  NO scavenging rate in blood with 45% hematocrit 
λt   1 s-1  NO scavenging rate in vascular wall and tissue 
appKm  ≥ 1 Torr  Apparent Michaelis constant for O2 consumption 
Km,NO  4.7 Torr  Michaelis constant for O2-dependent NO production 
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Figure 2.1. Single arteriole model geometry. A: Side view of the 250 µm long tissue cylinder; B: 
Cross-sectional view: RBC-rich core (0<r<r1), RBC-poor boundary layer (r1<r<r2), endothelial 
surface layer (ESL or glycocalyx layer, r2<r<r3), endothelium (r3<r<r4), vascular wall (r4<r<r5) and 
tissue (r5<r<r6). 
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Figure 2.2. Computational domain and the final meshes when solution were obtained. A: 
Computational domain; B: Mesh in simulation with error limit 0.0001; C: Mesh in simulation with 
error limit 0.00001. 
 
 
 
2.2.1 Mathematical Model 
Steady state mass transport equations for O2 and NO are in the general form: 
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where 
2O
C  is O2 concentration, 2OP  is O2 partial pressure, 2Oα is O2 solubility, CNO is NO 
concentration, 
2O
D  and DNO are diffusion coefficients for O2 and NO, and 
→
v  is the blood 
velocity. All O2 and NO reactions, including sources (+ for production) or sinks (- for 
scavenging), are summed for each layer. 
Velocity profiles used in the simulations were: 
parabolic (Poiseuille):   ))/(1( 22max rrVVparabolic −=     (Eq. 15) 
blunt:   ))/(1( 2max
n
blunt rrVV −=     (Eq. 16) 
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where Vmax  is the maximum velocity at the centerline (r = 0), n is the power exponent for blunt 
flow (an integer ranging from 3 to 5), r1 is the outer radius of the RBC-rich core, and r2 is the 
outer edge of the RBC-free plasma layer. The arteriole was assumed to have a uniform radius, so 
that the velocity is only a function of radial position and does not vary axially. The different 
velocity profiles are illustrated in Figure 2.3A using dimensions and parameters in Table 1  for 
the baseline case with Vmax = 1.5 mm/s for the parabolic velocity profile, and the same volumetric 
flow rate for the other velocity profiles. The plasma layer is 1.5 µm and ESL is 0.5 µm for the 
baseline case. 
Volumetric flow rates for the different velocity profiles were calculated from: 
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Convective transport of O2 and NO occurs only in the vessel lumen (0 < r < r2). In the 
central RBC-rich core of the blood stream, 
2O
C consists of dissolved O2 and O2 bound to 
hemoglobin, and in all other layers is only in dissolved form. Diffusion of O2 bound to 
hemoglobin is assumed to be negligible. 
2.2.1.1. RBC-rich core (0 < r < r1) 
With radial and axial diffusion in cylindrical geometry, the transport equations (14) were 
written as: 
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 (Eq. 21) 
where Cmax is the maximum O2 carrying capacity of blood, 
2
2
)(
O
O
dP
PdS
 is the slope of the 
oxyhemoglobin equilibrium curve, and λb is the NO scavenging rate by RBCs in the bloodstream. 
Both Cmax and λb are defined (Table 1) relative to the discharge hematocrit (HD), which is 
assumed to be equal to the systemic blood hematocrit (45%). The NO scavenging rate in blood (λb) 
is based on kinetic measurements of NO uptake by diluted solutions with intact human RBCs at 
body temperature by Carlsen and Comroe [21]. 
It is assumed that hematocrit is uniform and constant in the core (Hcore), and is higher than 
the discharge hematocrit (HD), as computed from 
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based on a mass balance for RBCs. For the parabolic velocity profile, 
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and plug flow velocity profile 
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where δp is the thickness of the plasma layer [36]. The variation in Hcore for these velocity profiles 
is shown in Figure 2.3B as a function of the glycocalyx and ESL thickness (δg), for total 
thicknesses including the plasma layer (δg + δp) of either 2 or 3 µm. 
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Figure 2.3. A: Different velocity profiles (Eqs. 15-17) used in simulation based on model dimensions 
and parameters in Table 1, for baseline case of Q = 30 nL/min through the arteriole with glycocalyx 
and ESL thickness δg = 0.5 µm, and plasma layer δp = 1.5 µm. B: Core hematocrit as a function of 
glycocalyx and ESL thickness (δg ) for total boundary thickness (δg + δp) of either 2 µm (left panel) or 
3 µm (right panel).  
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The oxyhemoglobin equilibrium curve and its derivative were computed from the modified 
Easton model [87]: 
0
}exp{
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)]2*([
2
exp*)()( SSSPS
OPpk
mO +−=
−−    (Eq. 26) 
where Sm = 96.01%, k = 4.091 Torr-1, p* = 0.3675 Torr, S0 = Sm/(1-exp(exp(kp*))) for human blood 
at standard conditions (T = 37°, PCO2 = 40 Torr, pH = 7.4). Radial or axial variations in T, PCO2 
or pH were not considered in the present model, although the algorithm developed by Buerk et al. 
[88] based on the modified Easton model could be used for more detailed O2 transport 
computations, as suggested by Dash and Bassingthwaighte [89]. This algorithm was also used in 
the investigation of coupled O2 and CO2 transport, including Fåhraeus effects, for a 
compartmental model of the microcirculation [90, 91]. 
 
 
2.2.1.2. Plasma (RBC-free) layer (r1 < r < r2) 
Since there is only dissolved O2 in plasma, and auto-oxidation of NO is negligible [31, 36, 
82]. The mass transport equations are: 
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2.2.1.3. Glycocalyx (r2 < r < r3) 
Transport equations for diffusion through the thin glycocalyx and associated endothelial 
surface layer are: 
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2.2.1.4. Endothelium (r3 < r < r4) 
 NO production (RNO) from eNOS in the endothelium requires O2, and the amount of O2 
consumed is assumed to be equal to the amount of NO synthesized (
2O
R  = 2RNO). 
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The endothelial NO production rate is described by Michaelis-Menten kinetics [10]:  
m
NONO KPO
PORR += 2
2
max       (Eq. 30) 
where RNOmax is the maximum NO production rate, and Km = 4.7 Torr (Table 1) is the PO2 where 
RNO falls to 50% of maximum determined for eNOS by Rengasamy and Johns [11]. 
2.2.1.5. Vascular wall (r4 < r < r5) and tissue (r5 < r < r6) 
 With only diffusion and reaction in the vascular wall and tissue, the transport equations 
are: 
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NO scavenging in the vascular wall and tissue (λt) was assumed to obey a pseudo-first 
order reaction. Terms for other (nonendothelial) sources of NO production, such as from iNOS, 
nNOS, or the mitochondrial isoform (mtNOS) and the corresponding O2 required for NO 
production for each isoform can be added to Eqn 31 [31, 82, 92]. O2 consumption by the vascular 
wall and tissue are inhibited by NO, computed with a modified Michaelis-Menten kinetic model 
as suggested by Buerk [10]: 
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where appKm = 1 Torr in the absence of NO. The maximum tissue O2 consumption rate (Table 1) 
is approximately equivalent to the rate estimated by Tsai et al. [74] from O2 phosphorescence 
quenching measurements around arterioles in rat mesentery. A lower O2 consumption rate was 
used for the vascular wall, in the range determined experimentally in larger blood vessels by 
Buerk and Goldstick [76]. 
2.2.1.6. Boundary Conditions 
A zero mass flux was assumed at the centerline of the arteriole and at the outermost 
surface of the tissue cylinder for both O2 and NO, except at the inlet of the bloodstream:  
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 (Eq. 33) 
To eliminate effects of an abrupt boundary change in the numerical computations at the 
inlet, a parabolic PO2 and an exponential CNO radial profile were assumed on the RBC-rich core 
at z=0: 
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where Pmax is the input 2OP  and was set to 50 Torr; CNO(0) is the input NO concentration at the 
centerline (r=0, z=0). An iterative method was used to determine the radial 
2O
P∆  across the RBC-
rich core, and the constants a, b for the CNO input profile, based on comparisons with the shapes 
for downstream radial 
2O
P  and CNO profiles that were computed at 5% of the axial length. An 
input Pmax=50 Torr was assigned at r = 0, z = 0 for all simulations in order to provide a similar 
O2 supply to the system. 
At the interface between layers, NO and O2 partial pressure were assumed to be 
continuous, with equal mass fluxes for both species entering and leaving each interface: 
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2.2.2 Numerical methods 
The system of 12 coupled nonlinear partial differential equations with the associated 
boundary conditions as defined above was solved by a finite element method using commercial 
software (FLEX PDE 4, PDESolutions, Antioch, CA).  
Cubic element type was chosen in the simulations. The error limit was defined as 0.0001, 
an order of magnitude less than the default criteria. The software uses adaptive meshing 
technique to obtain the numerical solution. It automatically adjusts the finite element grid to 
optimize solutions, increasing the mesh density until the error criteria is met [93]. In the 
simulation with Poiseuille flow Q = 30 nL/min, RNO = 150 µM/s, δp =1.5 µm and δg =0.5 µm, 
the number of the elements increased from 4940 at the beginning of solving process to 6840 when 
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the solution was obtained (Figure 2.2). The increased elements were mainly generated within and 
around the endothelial and plasma layer, which have relatively smaller geometry dimensions 
compared to tissue and RBC-rich layer. 
The simulations were performed on a Pentium 4 computer, and most numerical solutions 
were obtained within 15 to 30 min. 
To test the convergence of the solution, a smaller error limit 0.00001 was also used to 
perform the simulation. The obtained solution shows no significant difference to that with error 
limit 0.0001, but the solution time and number of elements significantly increased. For the 
simulation with Poiseuille flow Q = 30 nL/min, RNO = 150 µM/s, δp =1.5 µm and δg =0.5 µm, 
the solution time increased from 8:34 to 33:24 CPU time. The number of elements was increased 
from 4940 at the beginning of the solving process to 18687 when the solution was obtained. 
The FLEXPDE script code for this study is attached in the end of the thesis (Appendix II) 
2.3 Results 
To investigate the effect of convection on NO transport alone, a simulation without the 
equations for coupled O2 transport was performed. A constant NO production rate of 50 µM/s by 
eNOS, and additional NO production at 100 µM/s in a 1 µm thick, 25 µm long segment of tissue 
surrounding the outer wall were used. The additional NO source was located between 19 < r < 20 
µm and 112.5 < z < 137.5 µm, for a 30 µm diameter, 500 µm long arteriole. The simulation was 
performed using Poiseuille flow at Vmax = 1.5 mm/s (baseline Q ~ 30 nL/min) for parameters in 
Table 1, with δg = 0.5 µm and δp = 1.5 µm. This additional source of NO could represent 
production from nNOS in active nerves near the vascular wall. Simulation results for the baseline 
case are shown in Figure 2.4A. The upper panel shows a comparison between the highest NO 
profile, centered in the middle of the region (z = 125 µm) where the additional NO production is 
located, with the radial NO profiles upstream and downstream from the added NO source. The 
color contour plot of NO(r,z) in the bottom panel shows that there is significant axial diffusion of 
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NO into the tissue, both upstream and downstream from the additional source of NO production. 
The NO distribution in the bloodstream is also affected in the region near the additional NO 
source, with a slight increase of NO downstream. 
The effect of varying blood flow rates over 2 orders of magnitude is illustrated in Figure 
2.4B. The regions of high NO production at each flow rate are shown in the color contour plots in 
the upper panels, but the differences appear to be minimal. There is a small distortion of the 
contour plot in the bloodstream at the highest flow rate (10 Q), where a very slight rightward shift 
can be seen. These subtle differences are more clearly shown in the bottom panel of Figure 2.4B. 
The axial NO gradients at the endothelium/glycocalyx interface (r = Re, red curve) and the 
vascular wall/tissue interface (r = Rw, black curve) are shown in the lower plot for the baseline 
flow (Q, solid curves) and the high flow rate (10 Q, dashed lines). The low flow rate (Q/10) is not 
much different from the baseline, and is not plotted. The region of additional NO production is 
marked by vertical dashed lines. At both axial locations, the tenfold increase in flow above 
baseline decreases NO upstream (z < 125 µm) and increases NO downstream (z > 125 µm). The 
difference in NO compared to the baseline case is shown in the upper plot of the bottom panel, 
for both high (10 Q) and low (Q/10) flow rates. The simulation demonstrates that convection 
would cause some enhancement in NO in the vascular downstream from the region of high 
production, but that there is also some washout of NO upstream. The effect of convective mass 
transport is relatively minor with the NO scavenging rate that was used (Table 1). 
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Figure 2.4. Effects of convection on NO transport without coupling to O2 transport.  
A: Top panel: Radial NO profiles upstream (red curve), downstream (blue curve) and at axial 
location where there is additional NO production by nNOS from nerves near a segment of the outer 
wall. Bottom panel:  Color concentration scale and contour plot for NO(r,z).  
B: Top panel: Color contour plots in region with additional NO production near a segment of the 
outer wall for a wide range of blood flow rates. Bottom panel:  Variation in NO(z) at the outer 
vascular wall (r =  Rw. black curve) and endothelium (r = Re, red curve) with flow rates of Q = 30 
nL/min (solid curves) and 10 Q (dashed curves) are shown in the lower plot. The difference (∆NO) 
between NO(z) at the endothelium and outer vascular wall relative to NO profiles at baseline flow Q 
are shown in the upper plot for high (10 Q) and low (Q/10) flow rates.  
C. Top panel: Color contour plots with additional NO production near a segment of the outer wall 
for a wide range of blood flow rates using a tenfold lower NO scavenging rate by hemoglobin in the 
bloodstream. Bottom panel:  Variation in NO(z) at the outer vascular wall (black curve) and 
endothelium (red curve) at Q (solid curves) and 10 Q (dashed curves) are shown in the lower plot. 
The difference between axial NO profiles at the endothelium and outer vascular wall relative to the 
profiles at baseline flow Q (∆NO) are shown in the upper plot for high (10 Q) and low (Q/10) flow 
rates.  
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For the simulation shown in Figure 2.4C, the NO scavenging rate was reduced by an order 
of magnitude (λb = 38.25 s-1), and NO production rates by eNOS and by the additional NO source 
at the outer wall were reduced by one third. This generated NO profiles that were approximately 
equivalent to the simulations in Figure 2.4B. Color contour plots for NO(r,z) with the 3 flow rates 
are shown in the upper panel for the entire cross section of the arteriole and surrounding tissue. 
The downstream shift in NO concentration in the bloodstream with increasing blood flow is 
apparent, and the washout of NO in the region of highest NO production can be clearly seen at 
the high flow rate (10 Q). In the bottom panel, the axial NO gradients at the 
endothelium/glycocalyx interface (red curve) and the vascular wall/tissue interface (black curve) 
are shown in the lower plot for the baseline flow rate (Q, solid curves) and both are significantly 
lower for the high flow rate (10 Q, dashed lines). The differences in NO for high and low flow 
rates compared to the baseline flow rate are shown in the upper plot of the bottom panel. Note 
that NO is enhanced at the high flow rate all of the way to the end of the segment, although the 
magnitude of the downstream increase in NO in Figure 2.4C is not much higher than in the 
previous simulation (Figure 2.4B). The upstream washout of NO is more pronounced with the 
lower λb, and is over 3 times greater than the previous simulation for the high flow rate (10 Q).  
Simulations for coupled O2 and NO transport for the baseline case (Poiseuille flow, Q = 30 
nL/min) using the dimensions and parameters listed in Table 1 are illustrated in Figure 2.5 for 
different endothelial NO production rates. A shorter arteriole length of 250 µm was used to 
reduce computation time. Color contour plots are shown for PO2(r,z) and NO(r,z) with 
corresponding color scales (left panels), along with line plots (right panels) for radial PO2 and NO 
profiles at the middle of the cylindrical segment (z = 125 µm). The region where PO2 drops below 
2 Torr is highlighted in blue and the region where PO2 drops below 1 Torr is highlighted in red. 
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The line plots, depicting results obtained with the lowest NO production rate (RNO = 1 µM/s), 
demonstrate that tissue PO2 is < 2 Torr for a significant volume of the cylinder at this flow rate. 
At z = 125 µm, tissue PO2 values fall below 2 Torr (blue) at a distance r > 80 µm, and below 1 
Torr (red) when r > 92.6 µm (lowest radial PO2 curve).  
There is negligible inhibition of O2 consumption by NO for the simulation with RNO = 1 
µM/s, and the NO values are too low (peak endothelial NO < 1.4 nM) to be illustrated with the 
scale used in Figure 2.5B. When RNO is increased from 50 to 300 µM/s, peak NO in the 
endothelium and NO levels in the vascular wall and tissue at z = 125 µm become progressively 
higher, as shown in Figure 2.5B (right panel). There is very little axial variation in NO at different 
radial positions, as seen in the color contour plots for NO with either RNO = 150 or 300 µM/s (left 
panels). 
There is greater inhibition of O2 consumption as NO increases with the simulations using 
higher RNO values. The greatest inhibition occurs close to the arteriole where NO levels are 
highest, allowing more O2 to diffuse out to the outer rim of the cylinder and increase tissue PO2. 
This is illustrated by the shift in the color contours for PO2(r,z) in Figure 2.5A, demonstrating that 
with RNO = 300 µM/s, only a small fraction of the volume at the downstream, outermost rim of 
the tissue cylinder receives low level of PO2 . The top curve on the right shows that for RNO = 300 
µM/s, there are no PO2 values below 2 Torr for the radial PO2 profile at z = 125 µm. With RNO = 
150 µM/s, tissue PO2 falls below 2 Torr when r > 101.9 µm and there are no values below 1 Torr 
for the radial PO2 profile at z = 125 µm (middle curve). 
As expected, variations in blood flow have a major effect on O2 transport. Figure 2.6 shows 
the radial decrease in blood saturation in the RBC-rich core as O2 diffuses out of the bloodstream. 
The results are for relative blood flow at half (top panel) or double (bottom panel) the Poiseuille 
flow rate of 30 nL/min (middle panel) with RNO = 1 µM/s. Radial gradients in oxyhemoglobin are 
shown at 3 axial locations (5% from the entrance, at the middle, and near the end of the segment 
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at 95% of the length) for each flow rate, with the spatially averaged saturation Sat at each axial 
position indicated by dashed lines. The decrease in spatially averaged saturation along the z axis 
(∆Sat/∆L) is shown in the inset for each flow rate, and varies by -2.79, -1.44, and -0.75 %/100 
µm for 0.5 Q, Q, and 2 Q respectively, with greater O2 extraction at lower flow. 
The effect of varying flow rate on the radial PO2 profiles for RNO = 1 µM/s at z = 125 µm 
are shown in Figure 2.7, for the same input PO2 of 50 Torr. Complete radial PO2 profiles (0 < r < 
120 µm) are shown in Figure 2.7A. Low tissue PO2 values at the outer rim are shown in the inset, 
with PO2 > 1 Torr when r > 90.9 µm at 0.5 Q, and r > 93.8 µm at 2 Q, compared to r > 92.6 µm 
for Q (solid curve in middle). Radial PO2 profiles in the vessel lumen, including the RBC-rich 
core, plasma layer, and the stagnant boundary layer of glycocalyx and ESL (shaded area) near the 
endothelium, are shown in greater detail in Figure 2.7B. PO2 decreases by an average of ~ 2.03 
Torr in the vessel lumen when flow is reduced by half (short dashes), and increases by an average 
~ 1.02 Torr when flow is doubled (long dashes). The frequency distribution of PO2 values in the 
vessel lumen is shown in Figure 2.7C for each flow rate, with spatially averaged PO2 values of 
38.9, 40.4 and 41.1 Torr for 0.5 Q, Q, and 2 Q respectively in the vessel lumen. 
Varying the flow rate has a relatively small effect on the radial NO profile at the middle of 
the cylindrical segment, as shown in Figure 2.8 for RNO = 1 (top panel), 150 (middle panel) and 
300 µM/s (bottom panel). Detailed radial NO profiles in the range from 14 < r < 19 µm show 
peak NO values in the endothelium for each RNO, with an inset showing the complete radial NO 
profile at z = 125 µm for the baseline flow. Higher flow (2 Q, long dashes) increases NO, while 
the lower flow (0.5 Q, short dashes) decreases NO. Model predictions are in the opposite 
direction compared to increased washout of NO as flow increases or relative accumulation of NO 
as flow decreases, which would be expected from the simulations shown in Figure 2.4 for NO 
transport without coupling to O2. Reasons for these findings will be discussed below. 
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Figure 2.5. Coupled O2 and NO transport simulations for different endothelial NO production rates 
(Poiseuille flow, Q = 30 nL/min).  
A. Contour plots for PO2(r,z) with PO2 color scale for 3 different values of RNO (left panels). The 
radial PO2 profile at the center of the segment for each case (right panel) is shown, with blue color 
marking where the PO2 falls below 2 Torr, and red color for PO2 < 1 Torr in tissue.  
B. Contour plots for NO(r,z) with NO color scale for 3 different values of RNO (left panels). The 
radial PO2 profile at the center of the segment for each case (right panel) is shown for RNO ranging 
from 50 to 300 µM/s. 
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Figure 2.6. Radial variation in oxyhemoglobin saturation and spatially averaged saturation (Sat, 
dashed lines) at different axial locations in the core of the bloodstream with Poiseuille blood flow 
ranging from half (top panel) to double (bottom panel) the baseline case (middle panel, Q = 30 
nL/min), predicted from simulations using parabolic velocity profiles and the lowest endothelial NO 
production rate (RNO = 1 µM/s). The axial decrease in average oxyhemoglobin saturation (∆Sat/∆L) 
in the bloodstream is also shown (inset) for each blood flow rate.  
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Figure 2.7. Effect of blood flow on radial PO2 profiles with minimal effect of NO on O2 consumption. 
A: Radial PO2 profiles at the middle of the cylindrical segment (z = 125 µm) for blood rates at double 
(long dashes) and half (short dashes) of the baseline Poiseuille flow (solid curve). Inset shows tissue 
PO2 values < 1 Torr at outer rim. B: Radial PO2 profiles in the vessel lumen for the different flow 
rates. C: Frequency distribution of PO2 values in the vessel lumen at different flow rates. Spatially 
averaged mean PO2 is indicated for each case.  
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Combined effects of varying blood flow and endothelial NO production on the axial 
decrease in blood saturation are illustrated in Figure 2.9 for 10 < Q < 60 nL/min and 1 < RNO < 
300 µM/s with parabolic (Poiseuille) velocity profiles through a 30 µm diameter arteriole. In 
Figure 2.9A, the axial O2 loss ∆Sat/∆L increases sharply with lower Q, with losses greater than 2 
%/100 µm when Q falls below 20 nL/min. Inhibition of O2 consumption by NO shifts the 
relationship to the left, and compared to the lowest RNO rate of 1 µM/s, the difference (top panel) 
becomes larger as Q decreases. The relative decrease in ∆Sat/∆L is linearly proportional to the 
increase in RNO, as illustrated in Figure 2.9B for different flow rates, with relatively greater 
changes at the lower blood flow rates. 
 Simulations were also performed to investigate how different velocity profiles influence 
O2 and NO transport. Computed changes in maximum velocity, core hematocrit, maximum O2 
carrying capacity and NO scavenging rate are listed in Table 2 for each velocity profile, based on 
the same baseline volumetric flow rate (Q = 30 nL/min) in each case, with ∆Sat/∆L predicted for 
3 values of RNO. Compared to the Poiseuille parabolic velocity profile, there is a progressively 
smaller axial decrease in blood O2 saturation as the velocity profile becomes blunter, with the 
smallest axial loss obtained for the plug flow velocity profile. Additional information on PO2 and 
NO values at different locations for these simulations is summarized in Table 3, based on the 
predicted radial profiles at the midpoint of the cylindrical segment (z = 125 µm). In all cases, 
spatially averaged PO2 in the endothelium and vascular wall increases as the velocity profile 
becomes blunter, and as RNO increases. On the other hand, the blunter velocity profiles 
consistently decrease both the peak NO in the endothelium and the spatially averaged NO in the 
vascular wall for all RNO values, which is consistent with greater convective washout of NO. An 
example of radial PO2 profiles in the bloodstream at the middle of the cylindrical segment 
simulated for the lowest NO production rate (RNO = 1 µM/s) are shown in Figure 2.10A for 
parabolic (solid curve) and plug (dashed curve) flow at 30 nL/min. The blunt flow cases (not 
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shown) fall between these two curves. The effect of the different velocity profiles on the PO2 
distributions in the vessel lumen are shown in Figure 2.10B, with an increase in the spatially 
averaged mean PO2 from 40.4 (parabolic) to 41.7 Torr (plug flow). 
While the ESL acts as a stagnant boundary layer, it has a relatively small effect on O2 and 
NO transport. There would be a very small increase in PO2 and decrease in NO in the 
endothelium, vascular wall, and tissue if δg is reduced to zero. However, if the permeability of the 
ESL is significantly lower than the plasma layer, there could be a much larger mass transport 
resistance, as shown in Figure 2.11. If the diffusion coefficients for NO and O2 are both reduced 
by an order of magnitude from the assumed baseline values in Table 1, there would be a large 
increase in NO (Figure 2.11A, dashed curve) and a relatively smaller drop in PO2 (Figure 2.11B, 
dashed curve) compared to the Poiseuille flow baseline case (solid curves) with RNO = 150 µM/s. 
The peak NO in the endothelium (inset, Figure 2.11A) increases by nearly 47%, while the mean 
PO2 in the endothelium (inset, Figure 2.11B) decreases by 12% for this tenfold decrease in 
permeability. A large reduction in solubility in the ESL for either gas would have a similar effect 
in the model as a reduction in the diffusion constant. 
With the high RNO values used in these simulations, there is relatively more O2 used per 
unit volume of endothelium to produce NO compared to the tissue O2 consumption rate for 
oxidative metabolism. the effect of this very high rate of O2 usage was evaluated by comparing 
radial PO2 profiles at the middle of the cylindrical segment for baseline Poiseuille flow (30 
nL/min) with RNO = 150 µM/s (solid curve) with a simulation where the O2 loss term in the 
endothelium was omitted (dotted curve), as shown in Figure 2.12A. The increase in mean PO2 in 
the endothelium (shaded area, inset) is only 0.2 Torr, and the radius where tissue PO2 falls below 
2 Torr near the outer rim increases from 101.9 to 102.5 µm (vertical lines on r axis). 
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Figure 2.8. Effect of varying blood flow (2 Q, long dashes; Q = 30 nL/min, solid lines; 0.5 Q, short 
dashes) on the peak NO in the endothelium (shaded region) and NO in the vascular wall (16 < r < 19 
µm) from radial NO profiles at middle of the cylindrical segment with endothelial NO production 
rates (RNO) of 1 (top panel), 150 (middle panel) and 300 µM/s (bottom panel). Inset in each plot 
shows the complete radial NO profile for the baseline Poiseuille flow for each RNO.  
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Figure 2.9. Effect of blood flow (Q) and endothelial NO production (RNO) on axial decrease in 
oxyhemoglobin saturation (∆Sat/∆L) for parabolic velocity profile.  
A. As blood flow decreases, more O2 is extracted from oxyhemoglobin (bottom panel). Increasing 
RNO (values indicated) reduces the amount of O2 lost from the bloodstream. Differences in the axial 
decrease in oxyhemoglobin saturation with higher RNO are shown (top panel) relative to the lowest 
endothelial NO production rate (RNO = 1 µM/s).  
B. The relative effect of increasing RNO on the axial decrease in oxyhemoglobin saturation is greater 
at lower blood flow rates.  
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Figure 2.10. Effect of velocity profiles on radial PO2 gradients in the vessel lumen at the midpoint of 
the arteriolar segment (Q = 30 nL/min with lowest RNO = 1 µM/s). A: PO2 gradients in the vessel 
lumen are shown for parabolic (solid curve) and plug flow (dashed curve) velocity profiles for the 
same Q. Blunt velocity profiles (not shown) generate PO2 gradients that are between these 2 
gradients. As the velocity profile becomes blunter, endothelial PO2 increases. B: The distribution of 
PO2 values in the vessel lumen depends on the shape of the velocity profile, and the spatially 
averaged PO2 increases as the velocity profile becomes blunter. 
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Figure 2.11. Effect of low permeability for glycocalyx and ESL on O2 and NO transport (baseline 
Poiseuille flow Q = 30 nL/min with RNO = 150 µM/s).  
A. Reducing the diffusion coefficient for NO by an order of magnitude (dashed curve) increases NO 
compared to baseline case (solid curve). Inset shows detailed radial NO profile in glycocalyx and ESL 
(shaded area), endothelium and vascular wall.  
B. Reducing the diffusion coefficient for O2 by an order of magnitude (dashed curve) decreases PO2 
compared to baseline case (solid curve). Inset shows detailed radial PO2 profile in glycocalyx and 
ESL (shaded area), endothelium and vascular wall. 
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Table 2. O2 losses from the bloodstream predicted for a 30 µm diameter arteriole with different 
velocity profiles at same blood flow rate (Q = 29.7 nL min-1).  
∆S/∆L (%/100µm) 
Shape 
Vmax 
(mm s-1) 
Hcore 
(%) 
Cmax 
(mM) λb (s-1) 
RNO=1 
(µM s-1) 
RNO=150 
(µM s-1) 
RNO=300
(µM s-1) 
Parabolic 1.5 46.80 8.320 397.81 -1.406 -1.351 -1.316 
Blunt (n=3) 1.25 47.19 8.390 401.15 -1.369 -1.316 -1.282 
Blunt (n=4) 1.125 47.57 8.456 404.32 -1.351 -1.299 -1.265 
Blunt (n=5) 1.05 47.92 8.518 407.31 -1.340 -1.289 -1.255 
Plug 0.833 50.49 8.976 429.18 -1.315 -1.266 -1.233 
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Table 3. Predicted values at specified locations on the radial gradients for PO2 and NO at the 
midpoint of the cylinder (z = 125 µm) for a 30 µm diameter arteriole with different endothelial RNO 
and velocity profiles for Q = 29.7 nL min-1. 
RNO = 1 µM s-1 
Centerline Endothelium Vascular Wall 
 
Shape 
PO2 
(Torr) 
NO 
(nM) 
Mean PO2 
(Torr) 
Peak NO
(nM) 
Mean PO2 
(Torr) 
Mean NO 
(nM) 
Parabolic 48.61 0.046 32.33 1.375 29.62 1.295 
Blunt (n=3) 48.46 0.045 32.60 1.374 29.88 1.293 
Blunt (n=4) 48.37 0.044 32.81 1.372 30.06 1.292 
Blunt (n=5) 48.30 0.043 32.95 1.370 30.20 1.290 
Plug 48.12 0.038 33.59 1.354 30.79 1.275 
 
RNO = 150 µM s-1 
Centerline Endothelium Vascular Wall 
 
Shape 
PO2 
(Torr) 
NO 
(nM) 
Mean PO2 
(Torr) 
Peak NO
(nM) 
Mean PO2 
(Torr) 
Mean NO 
(nM) 
Parabolic 48.66 6.89 32.95 206.79 30.40 194.71 
Blunt (n=3) 48.51 6.71 33.22 206.54 30.65 194.47 
Blunt (n=4) 48.42 6.58 33.42 206.24 30.84 194.20 
Blunt (n=5) 48.36 6.47 33.56 205.93 30.97 193.91 
Plug 48.18 5.70 34.17 203.54 31.54 191.66 
 
RNO = 300 µM s-1 
Centerline Endothelium Vascular Wall 
 
Shape 
PO2 
(Torr) 
NO 
(nM) 
Mean PO2 
(Torr) 
Peak NO
(nM) 
Mean PO2 
(Torr) 
Mean NO 
(nM) 
Parabolic 48.69 13.81 33.36 414.21 30.94 390.01 
Blunt (n=3) 48.54 13.43 33.62 413.68 31.18 389.51 
Blunt (n=4) 48.46 13.17 33.82 413.07 31.37 388.95 
Blunt (n=5) 48.39 12.96 33.96 412.46 31.50 388.37 
Plug 48.22 11.52 34.56 407.65 32.06 383.85 
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It was also examined how a very high vascular wall O2 consumption rate could influence 
the radial PO2 profiles, increasing the rate by 50 times the rate in Table 1, corresponding to a rate 
that is 2.5 times higher than the value used for O2 consumption in tissue, as shown in Figure 
2.12B. The simulation (dotted curve) is compared to the same baseline case (solid curve) as in 
Figure 2.12A. For this very high wall O2 consumption rate, the mean PO2 in the vascular wall 
decreases by only 0.3 Torr (shaded area, inset), and the radius where tissue PO2 falls below 2 Torr 
near the outer rim decreases from 101.9 to 100.8 µm (vertical lines on r axis). 
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Figure 2.12. Evaluation of high O2 consumption rates in endothelium and vascular wall (baseline 
Poiseuille flow Q = 30 nL/min with RNO = 150 µM/s).  
A. Small effect of O2 used for NO production by eNOS is shown for baseline radial PO2 profile (solid 
curve) with simulation with O2 reaction term omitted (dotted curve). Inset shows detailed PO2 
profiles in glycocalyx and ESL, endothelium (shaded area), and vascular wall.   
B. Increasing the vascular wall O2 consumption rate to 2.5 times the tissue O2 consumption rate 
decreases the radial PO2 curve (dotted curve) slightly compared to the baseline case (solid curve). 
Inset shows detailed PO2 profiles in glycocalyx and ESL, endothelium, and vascular wall (shaded 
area). 
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2.4 Discussion 
2.4.1 NO prediction around arterioles 
In contrast to results from previous models by Buerk et al. and Lamkin-Kennard et al. [31, 
36, 82], predicting relatively low NO values around small blood vessels, the present model 
generates higher NO values by using higher values for RNO in the endothelium. Higher values for 
RNO were chosen since surprisingly high perivascular NO levels have been measured in vivo near 
arterioles and venules. Recent experimental studies for NO microelectrode measurements in the 
intestinal microcirculation of anesthetized rats [94, 95] and in the skinfold microcirculation of 
conscious, unanesthetized hamsters [96] report even higher NO values than generated in the 
present computer simulations. In a recent conscious hamster study, Tsai et al. reported overall 
mean values of 632 nM for arterioles and venules with average diameters around 50 µm under 
normal physiological conditions [96]. Even higher NO values were measured after hemodilution, 
which would be consistent with higher shear stresses and reduced scavenging of NO by blood at 
low hematocrit [97]. Bohlen [94, 95] reported a similar mean NO of 621 nM near larger 
microvessels around 100 µm in diameter in the normal intestinal microcirculation of lean Zucker 
rats, and measured slightly lower values for obese rats (mean 565 nM). Buerk [10] briefly 
described high NO values within the ranges of the present computer simulation for earlier 
experimental studies in the literature in his review of NO transport models. For the dimensions 
and parameters used in the present model, NO values around 400 nM in the vascular wall was 
able to be generated for the endothelial NO production rate (RNO) of 300 µM s-1, as illustrated in 
Figure 2.8C. To match experimentally measured NO values, an approximately 1/3 higher 
endothelial NO production rate would be required. Alternately, the blood scavenging rate (λb) 
would need to be reduced by a little over 1/3. NO levels could also be increased by adding 
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additional NO production from nonendothelial sources to the model. There is experimental 
evidence for NO production from nNOS in nerves and mast cells around arterioles in the rat 
mesentery [98]. It has been shown in the literature how mtNOS, iNOS or nNOS in the vascular 
wall or nearby tissue can enhance tissue and vascular wall NO levels with relatively low 
production rates since the source is not as close to the strong NO scavenging effects of the 
bloodstream [31, 82]. The location of the different NOS isoforms and the local PO2 influence the 
NO production rates for the secondary sources. Kavdia and Popel [92] report similar modeling 
results for additional NO production from nNOS in nerves around blood vessels, although they 
did not include the O2 dependence of nNOS for NO production. Lower tissue NO scavenging 
rates (λt) would also increase NO in the vascular wall and in tissue, although this parameter does 
not have as large as an effect as the others (RNO, λb). 
2.4.2 Convective transport of NO in the blood stream 
The present model does not support the modeling results by Smith et al. [83], who 
predicted that there was significant convective transport of NO in the bloodstream that could 
influence vascular tone relatively far downstream.  
In addition to simulations, a separate dimensional analysis was also performed. Averaged 
values of blood flow velocity and the NO scavenging rate in blood were used to estimate their 
effects on the luminal NO distribution. The dimensionless governing equation for the luminal NO 
transport in the vessel lumen was derived below, starting with the averaged form of NO transport 
equation in eqn. (21),  
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where v  is the radially averaged blood flow velocity determined from 22
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For the parameters used in this simulation (Table 1), v =750 µm/s and λ =333.77 s-1. 
Non-dimensionalized variables (designated by *) were defined as:  
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where r2 is the outer radius of the lumen, L is the arteriole length, CNO0 is 500 µM, and DNO is the 
NO diffusion coefficient in blood.  
Introducing variables defined in (19) into equation (18), the following equation was 
obtained: 
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where the first term on the left represents radial diffusion, the second term axial diffusion, the 
third term convection and the last term NO scavenging by RBCs. The above dimensionless 
governing equation shows that NO inside the vessel lumen is determined by three coefficients: 
2
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L
r
, eP , and 
*λ . Using parameters in Table 1, 
2
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L
r
 equals 0.0036, eP  equals 
approximately 0.20, and *λ  equals approximately 22.7. 
Examination of the above coefficients reveals that 
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is small, therefore axial diffusion 
can be neglected and equation 20 can be simplified to: 
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The coefficient 2
2/
/
rD
LvP
NO
e =  is the Peclet number, representing the ratio of axial convective to 
radial diffusive NO transport. The relative value of eP  suggests that the rate of axial convection 
of NO is 5 times lower than the rate of radial diffusion. To further evaluate the effect of 
convection, the simulation presented in Figure 2.5 (RNO=150 µM/s) was performed again 
without the convective terms that appear in Eqs 21 and 27. The nitric oxide profiles calculated 
without the convective terms show no significant difference when compared to the results Figure 
2.5. 
However, if blood does not scavenge NO as strongly as it was assumed in this model, then 
convective transport of NO might have more importance, as illustrated for the simulation in 
Figure 2.4C with a ten-fold lower λb. 
Results that were shown in Figure 2.6 for the radial NO gradients depart from the expected 
changes that one might predict based solely on the relative changes in convective transport. The 
higher NO with increased blood flow can be attributed to an increase in the average endothelial 
PO2, resulting in greater NO production, which offsets greater convective loss of NO. In addition, 
inhibition of O2 consumption by the vascular wall and tissue with higher NO also contributes to 
an increase in endothelial PO2 levels. Similarly, the decrease in NO with slower blood flow is due 
to decreased NO production with lower endothelial PO2, offsetting a possible increase in NO with 
less convective transport away from the endothelium. The author recognized that further 
modeling refinements are needed. The variation in NO production with shear stress has not been 
explicitly modeled here, nor has the dynamic change in vessel diameter with NO been formally 
modeled. Also, many other factors that influence vascular tone independently from NO have not 
been included in the model.  
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2.4.3  O2 gradient in the blood stream 
This study predicts that there is a significant O2 gradient in the bloodstream. Computed 
magnitudes of these gradients are consistent with previous O2 transport models. For a given blood 
flow rate, the PO2 gradient is primarily due to diffusion resistance in combination with the 
metabolic requirement for tissue and vascular wall O2 consumption, as reviewed by Hellums et al. 
[61]. This imposes a limitation on O2 transport out of the bloodstream. It should be recognized 
that an analogous diffusion limitation exists for scavenging of NO by hemoglobin in RBCs, 
although NO mass transport is in the opposite direction. While this effect is well known for O2, 
the author believes that neglecting it has confounded interpretation of O2 phosphorescence 
quenching measurements of intravascular pO2. For example, it is speculated that the endothelial 
and/or vascular wall O2 consumption of rat mesentery arterioles might be very high, based on 
transmural differences in the O2 phosphorescent quenching measurements for average pO2 in the 
bloodstream and in tissue close to the vascular wall [74]. The high values for RNO in the present 
model would be consistent with high O2 consumption rates in the endothelium. However, the 
present estimation is considerably higher than other studies in the literature, as reviewed by 
Vadapilli et al. [75], and may be overestimated since the O2 gradient in the bloodstream was not 
taken into account. As shown in Figure 2.12B, a 50-fold increase in vascular wall O2 
consumption above the baseline value used for these simulations suggests a relatively small effect 
on the O2 gradient in the bloodstream and in the vascular wall, although this could be magnified 
with O2 consumption rates that are much higher than in tissue. This model also quantifies the 
effect of a very high rate of endothelial O2 consumption, as required to synthesize NO 
corresponding to the high values for RNO used in the simulation. However, endothelial O2 
consumption has a very small effect on the O2 gradient since the volume of endothelial cells is 
small compared to the O2 consumed by the larger volume of tissue around the blood vessel.  
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Tsai et al. [74] have reviewed experimental measurements for intravascular O2 by several 
different methods, and summarize data for both axial and radial O2 losses along the 
microcirculation. They discuss evidence in the literature that is consistent with high O2 
consumption rates by arterioles. A recent study by Shibata et al. [99] based on O2 phosphorescent 
quenching measurements in the microcirculation of rat skeletal muscle also concludes that the 
vascular wall O2 consumption rate for 1st order arterioles could be 500 times higher than the 
resting O2 consumption rate for skeletal muscle around the arterioles. However, these extremely 
high rates may be significantly overestimated since the O2 gradient in the bloodstream was not 
fully considered. A vasodilator was found to significantly reduce the O2 consumption rates, 
presumably by relaxing vascular smooth muscle and reducing O2 demand. It is also possible that 
increases in blood flow altered the pO2 gradients, confounding interpretation of their data. These 
studies suggest that vascular tone may have an influence on vascular wall O2 consumption, 
although the magnitude may be overestimated. 
Golub et al. [100] developed methods for extracting the distribution of pO2 in the 
bloodstream from a multicomponent fit of the phosphorescence quenching time course, which is 
not a simple exponential relationship as would be predicted with a uniform pO2 in the medium. 
As it was show in Figure 2.10B, there are subtle differences in the pO2 distribution with 
differences in the shape of the velocity profile, which is not simple to determine experimentally. 
Furthermore, the inhibition of O2 consumption by NO alters pO2 gradients in the bloodstream for 
a given blood flow rate, as illustrated in Figure 2.9. Also, an idealized distribution for the RBCs 
was assumed in the present model, and a nonlinear distribution for hematocrit, especially near the 
edges of the RBC-rich core, may be more appropriate in small blood vessels, as suggested from 
blood flow and O2 transport modeling by Sharan et al. [38, 101]. It may prove to be very difficult 
to accurately extract information about PO2 distributions in the bloodstream from rapid 
phosphorescent quenching measurements without more precise knowledge about the spatial 
variation in RBC distribution in small blood vessels, and their interactions with the ESL. 
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2.5 Conclusions 
It is clear that interpreting phosphorescent quenching measurements as an average pO2 in 
the bloodstream, while useful for many experimental conditions, is not sufficient to evaluate 
endothelial and vascular wall O2 consumption rates without a reasonable convective transport 
model. This model demonstrates that NO has an impact on pO2 gradients in the bloodstream and 
in tissue through inhibition of O2 consumption, and in turn, that the production of NO is 
influenced by these pO2 gradients. While the high rates of NO production in the endothelium that 
are necessary to generate NO levels measured experimentally do not reflect other sources of NO 
production as the model has been described here, The author believes that the model 
demonstrates the influence of coupling between NO and O2 mass transport including effects of 
convection, and is more complete than other models in the literature based solely on reaction and 
diffusion. 
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CHAPTER 3 THE INFLUENCE OF RADIAL RBC DISTRIBUTION ON 
COUPLED NO/O2 TRANSPORT AROUND AN ARTERIOLE 
 
3.1 Introduction 
In this chapter, the coupled NO and O2 diffusion-reaction model in the arteriole was 
extended, as described in Chapter 1, to investigate the effect of the presence of RBCs in the 
plasma layer. The results of this chapter have been published [102]. 
 
3.2 Method 
3.2.1 Mathematical Model 
The model in Chapter 1 was extended to include non-uniform RBC distributions inside the 
vessel lumen. The model geometrical structure is similar to Figure 2.1, and model parameters are 
shown in Table 4. The average hematocrit in the bloodstream was assumed to be constant in the 
central core and decreasing to zero in the plasma layer next to the endothelial surface layer. The 
plasma layer was called RBC-poor layer in this model. Three hematocrit profiles (H(r)) were used 
in the RBC-poor layer: linear (HL(r)), parabolic (HP(r)), and step (HS(r)), the latter representing 
the absence of RBCs in plasma. For all three profiles, average hematocrit across the lumen was 
set to be the same.  
3.2.1.1 RBC-rich core (0<r<r1) and RBC- poor layer (r1<r<r2) 
Luminal O2 transport was assumed to be governed by diffusion, convection, and reversible 
binding to hemoglobin. Luminal transport of NO was assumed to be by diffusion and convection, 
with irreversible scavenging by hemoglobin. Autooxidation of NO by O2 was neglected due to 
the very low reaction rate [10].  
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  (Eq. 40) 
In the above equations, C(r) is the O2 carrying capacity of blood, λ(r) is the NO scavenging 
rate by hemoglobin and other notations has been described in Chapter 1. C(r), λ(r) and the 
effective (time averaged) radial hematocrit function (H(r)) were represented by the following 
approximations: 
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where the superscript L, P and S represent linear, parabolic and step hematocrit function 
respectively. The discharge hematocrit (HD) was assumed to be equal to the systemic blood 
hematocrit (45%), bλ  is the NO scavenging rate for blood at the systemic hematocrit, and 
Cb=Cmax is the maximum O2 carrying capacity of blood at the systemic hematocrit. HC was 
defined from the mass balance for RBCs:  
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Convective effects of two blood velocity profiles (v) were used in this study: 
Parabolic Flow:  ))/(1( 22max rrvv −×=     (Eq. 47) 
Plug Flow:  
21
1
212max
max 0
),/()(
,
rrr
rr
rrrrv
v
v <<
<<
⎩⎨
⎧
−−×= . (Eq. 48)  
where vmax is the maximum velocity at the centerline (r=0), and r1 and r2 are the outer radii of the 
RBC-rich core and the RBC-poor layer respectively. The arteriole was assumed to have a uniform 
radius, therefore radial velocity profiles did not vary with axial location along the vessel. 
 
 
 
Table 4. Parameter values used for simulations with/without presence of RBCs in the plasma layer 
Parameter Range Units 
Vessel length (L) 250 µm 
Outer radius of central blood stream (r1) 11.5 – 14.5 µm 
Outer radius of plasma (r2)  11.5 – 15 µm 
Thickness of plasma layer δp (r2 - r1) 0 – 2 µm 
Thickness of glycocalyx δg  0.5 µm 
Thickness of endothelium δe (r4 - r3)  1 µm 
Outer radius of glycocalyx (r3)  15      µm 
Outer radius of endothelium (r4) 16 µm 
Outer radius of vascular wall (r5)  19 µm 
Outer radius of tissue (r6)  120 µm 
Vascular wall scavenging (λv)  1 s-1 
Tissue scavenging (λt) 1 s-1 
Maximum NO production rate (RNO) 0-300 µM/s 
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3.2.1.2 Glycocalyx layer (r2<r<r3), Endothelial Layer (r3<r<r4), Vascular Wall 
(r4<r<r5) and Tissue Layer (r5<r<r6) 
The mechanisms of NO and O2 transport in the glycocalyx, endothelium, vascular wall and 
tissue have been assumed to be the same as it was introduced in Chapter 1 and the same 
governing equations and assumptions was used: 
The glycocalyx was assumed to be a stagnant layer with the same properties as blood 
plasma. Both NO and O2 diffuse radially and axially through the layer.  
NO production (RNO) by eNOS is dependent on endothelial O2 availability, and the amount 
of O2 consumed is equal to the amount of NO synthesized, i.e., RO2 = 2RNO. The NO production 
rate by the endothelium was assumed to obey Michaelis-Menten kinetics [10].  
NO consumption by the vascular wall and surrounding tissue was assumed to obey the first 
order reaction with a reaction rate RNO=λtCNO, where λt is a pseudo first order rate constant for 
NO scavenging by soluble guanylate cyclase. The consumption rate of NO by tissue ( tλ ) and 
vascular wall ( vλ ) were chosen here to be the same. O2 consumption by the vascular wall and 
tissue was inhibited by NO, obeying modified Michaelis-Menten kinetics [10]. 
3.2.1.3 Boundary conditions 
Boundary conditions in the present model were set in similar manner as Chapter 1: 
NO concentration and O2 partial pressure are continuous, and mass fluxes are equal at each 
interface. 
Mass fluxes for O2 and NO are zero at the centerline of the arteriole and the outermost 
boundaries, except for the input and output of the bloodstream. 
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At the inlet of the bloodstream, input conditions were defined empirically by a parabolic 
function for blood 
2O
P  and an exponential function for the radial CNO profile: 
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where a, a1, a2 and a3 are arbitrary constants, which are iteratively determined under the 
assumption that the steady state profiles for NO and PO2 at the boundary should be very similar 
in shape to that at the 5% axial distance. An input Pmax=50 Torr was assigned. 
3.2.2 Numerical Method 
The set of coupled non-linear partial differential equations for the model were also solved 
by finite element method using commercial software (FlexPDE 4, PDESolutions, Antioch, CA).  
The computational domain was the same as that in Chapter 2, and similar techniques were 
used to obtain solution: the cubic element type was chosen, with mesh densities adaptively 
refined by the program to insure a relative accuracy of 0.0001 for the numerical solutions. The 
convergence of the numerical solutions was verified by using a smaller error limit of 0.00001. 
The FLEXPDE code was attached in Appendix C. 
3.3 Results 
NO and O2 transport was compared in the absence and presence of RBCs in the plasma 
layer, represented by linear, parabolic and step profiles. For the linear and step profiles, two blood 
velocity profiles were used: parabolic and plug. For each velocity profile, simulations were 
performed at different plasma layer thicknesses and NO production rates. For parabolic 
hematocrit profile, simulations were performed with the plasma layer thickness of 1.5 µm and 
eRNOs of 300µM/s using parabolic blood velocity profile. 
Results shown in this section were all computed at the radial cross-section in the middle 
of the vessel (z = 125 µm). 
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Figure 3.1. The effect of the presence or absence of RBCs in the plasma layer represented by linear 
and step hematocrit profiles on O2 and NO transport when the plasma layer thickness was varied 
from 1.0 to 2.0 µm. Parameters used in the simulations were: parabolic blood flow profile with 
maximum magnitude at centerline (1500 µm/s); eRNO = 300 µM/s; glycocalyx thickness = 0.5 µm. The 
insets in C and D represent a magnified view of tissue NO near the outer radius. The vertical lines 
represent the interface between the plasma, glycocalyx, endothelium, vascular wall, and tissue. 
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Figure 3.2. The effect of the presence or absence of RBCs of linear and step hematocrit profiles in the 
plasma layer on mean endothelial PO2 and peak endothelial NO for fixed glycocalyx thickness (0.5 
µm) when plasma layer thickness, blood velocity profiles and NO production rate are varied. 
 
 
 
It is shown in Figure 3.1 that how the presence or absence of RBCs in the plasma layer 
affects O2 and NO distributions in surrounding tissue. Plasma layer thickness (δp) was varied 
from 1.0 to 2.0 µm in 0.5 µm increments (35). The radial PO2 profile adjacent to the lumen 
boundary (13 < r < 20µm) and the radial NO profile (0 < r < 120µm) with RBCs in the plasma 
layer are shown in Figure 3.1B and Figure 3.1D, and without RBCs in Figure 3.1A and Figure 
3.1C. Note that PO2 levels in Figure 3.2A are only slightly lower than in Figure 3.1B, while NO 
levels in Figure 3.2C are significantly higher than in Figure 3.2D at each plasma layer thickness. 
Figure 3.2 also demonstrates that an increase in plasma layer thickness raises NO in the 
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surrounding tissue and decreases PO2 adjacent to the vascular wall. O2 gradients across the 
endothelium and vascular wall were calculated as summarized in Table 5, using data from Figure 
3.2. These results show that O2 gradients across the endothelium and vascular wall (15 µm < r < 
19 µm) for all simulations are around 1.2 Torr/µm. However, O2 gradients from simulations with 
RBCs are slightly higher than without RBCs in the plasma layer.  
Figure 3.2 demonstrates how mean PO2 and peak NO in the endothelium are affected by 
the presence or absence of RBCs in the plasma layer, by changes with the boundary thicknesses 
and NO production rates, and by different blood velocity profiles. The mean endothelial PO2 is 
higher but the peak endothelial NO is lower for simulations in the presence of RBCs compared to 
corresponding simulations in the absence of RBCs in the plasma layer. An increase in plasma 
layer thickness elevates mean endothelial PO2 and reduces peak endothelial NO. However, the 
decrease in NO is more pronounced than the rise in PO2. Raising RNO from 0 to 150 µM/s and 
further to 300 µM/s increases both PO2 and NO levels in the endothelium and plasma layer for all 
simulations. Mean endothelial PO2 is at least 1.0 Torr higher for plug flow than for parabolic flow 
simulations. However, peak endothelial NO obtained with the parabolic velocity profile 
simulations is nearly the same as the plug velocity profile simulations. Figure 3.3A and Figure 
3.3B depict the effect of varying plasma layer thickness on mean PO2 and peak NO in the 
endothelium for parabolic flow when RNO = 150 µM/s. The glycocalyx was set to 0.5 µm. Plasma 
layer thickness was varied from 0 to 2.0 µm in 0.5 µm increments, keeping the sum of the plasma 
layer thickness and radius of the RBC-rich core constant. When the plasma layer thickness was 
set to zero, RBCs were assumed to be distributed uniformly inside the vessel lumen. This extreme 
case resulted in the highest mean PO2 and smallest peak NO compared to all other simulations. In 
all cases, the mean endothelial PO2 was higher for simulations with RBCs present than with 
RBCs absent in the plasma layer, and the presence of RBCs reduces peak endothelial NO. A 
sensitivity analysis (Figure 3.3C) was also performed to examine the effect of varying plasma 
layer thickness. Peak NO in the endothelial layer increased with thicker plasma layers, but mean 
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PO2 in the endothelial layer decreased only slightly. These results suggest that the NO 
distribution is much more sensitive than PO2 to changes of the plasma layer thickness. Note that 
the presence of RBCs in the plasma layer attenuates the sensitivity of NO and O2 distributions to 
variations in the plasma layer thickness.  
Figure 3.4 demonstrates how PO2 and NO concentrations are affected by changes in the 
hematocrit profile. Although average hematocrit across the lumen for the three profiles was set to 
be the same, a change in the number of RBCs in the plasma layer affects O2 and NO transport. 
The greater the number of RBCs in the plasma, O2 is higher and NO is lower in tissue. The 
change in O2 is less pronounced than NO. 
 
 
 
Table 5. O2 gradient across endothelium and vascular wall in the presence or absence of RBCs in the 
plasma layer. Blood flow is parabolic with maximum velocity = 1500 µm/s at the centerline. 
Maximum NO production rate in the endothelial layer = 300 µM/s. Glycocalyx thickness = 0.5 µm, 
with the plasma layer thickness varying from 1.0 to 2.0µm. Hematocrit profile is linear in the plasma 
layer. 
Oxygen gradient across endothelium and vascular wall (Torr/µm)
Plasma layer thickness (µm) 
without RBCs with RBCs 
1.0 -1.193 -1.210 
1.5 -1.173 -1.196 
2 -1.153 -1.184 
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Figure 3.3. Sensitivity of computed mean PO2 and peak NO in the endothelium to changes in plasma 
layer thickness for parabolic flow with RNO = 150 µM/s. The presence or absence of RBCs in the 
plasma layer are represented by linear and step hematocrit profiles. The glycocalyx thickness is 0.5 
µm. 
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Figure 3.4. The influence of varying hematocrit profiles on radial PO2 (A) and NO (B) in the middle 
of the 250 µm long arteriole. eRNO = 300 µM/s, The glycocalyx thickness=0.5 µm and plasma layer 
thickness=1.5 µm. The blood flow velocity profile is parabolic with a maximum magnitude 1500 µm/s 
at the vessel centerline. The dash-dot-dot line represents the linear hematocrit profile in the plasma 
layer; the solid line presents the parabolic hematocrit profile in the plasma layer; and the dash line 
presents no RBCs in the plasma layer. The inset in B shows a magnified view of hematocrit profiles 
near the vessel wall. The inset in A shows a magnified view of PO2 near the outer radius. Vertical 
lines represent the interface between the plasma, glycocalyx, endothelium, vascular wall, and tissue. 
 
 
 
3.4 Discussion 
The present numerical simulations demonstrate the effect of non-uniform luminal RBC 
distribution and blood velocity profiles on NO and O2 concentration profiles inside and around an 
arteriole. The distribution of luminal RBCs is directly related to the O2 releasing ability of blood, 
NO scavenging rates in the blood, and blood velocity profiles. The model quantifies how the 
presence of RBCs in the plasma layer increases release of O2 from blood and decreases NO in 
surrounding tissue.   
3.4.1 O2 transport resistance across the vascular wall 
The O2 transport resistance of the microvascular wall has been studied by a number of 
investigators. Widely varying values of O2 gradients across the vascular wall have been reported. 
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Using recessed-tip O2 microelectrodes, Duling et al. [103] measured luminal O2 tension and 
tissue O2 tension in the vicinity of the wall (vessel diameters from 22 µm to 230 µm) and reported 
a vascular wall PO2 gradient of 1.0 Torr/µm. Using arteriolar O2 flux values in the literature 
(5.69× 10-5 ml O2 cm-2 s-1) and Fick’s law with DO2 = 1390 µm2/s and α = 1.12 µM/Torr, Popel et 
al. [73] computed a value of 15 Torr/µm for the PO2 gradient across the wall. Tsai et al. [74] used 
a phosphorescence optical technology to measure axial PO2 in the vicinity of the vascular wall in 
an arteriole with a diameter of 23 µm and blood velocity of 1.5 mm/s and calculated a vascular 
wall PO2 gradient of 7 Torr/µm with an O2 flux of 2.7× 10-5 ml O2 cm-2 s-1.  
The prediction for the vascular wall O2 gradient agrees with value reported by Duling et al. 
[103] and the calculations of O2 flux from blood toward the vascular wall is in the same range as 
values from the literature tabulated by Vadapalli et al. [75]. For a parabolic velocity profile in the 
presence of RBCs in the plasma (plasma layer thickness = 2 µm, glycocalyx thickness = 0.5 µm 
and RNO = 150 µM/s), the O2 flux was calculated to be 1.34× 10-5 ml O2 cm-2 s-1 and O2 gradient 
in the middle of the vessel (z = 125µm) was calculated to be 1.24 Torr/µm. This O2 gradient 
differs significantly from values reported by Popel et al. [73]. One possible reason for this 
disagreement is the higher permeability (9.54× 10-10 ml s-1 Torr-1 cm-1) used in the present model 
compared to the value used by Popel et al. (4.2-6.8× 10-10 ml s-1 Torr-1 cm-1) [73]. The presence 
of RBCs in plasma in this model, and coupled interaction between NO and O2 -- neither of which 
was included in previous models -- are contributing factors that may account for these differences 
between the present modeling results and those reported by Popel et al. [73] and Tsai et al. [74]. 
This model also predicts a large drop in PO2 across the vessel lumen, from 48.6 at the centerline 
to 33.6 Torr at the glycocalyx- endothelium interface. PO2 can not be assumed to be uniform 
across the lumen and thus measurements or calculations of blood/tissue PO2 gradients could be 
overestimated using an averaged intraluminal PO2. 
  
73
3.4.2 Influence of non-uniform RBC profiles on NO and O2 transport 
RBCs in the bloodstream are the most important NO scavenger [10], therefore the RBC 
profile may have a key influence on NO transport. Factors affecting the distribution of RBCs, for 
which there is paucity of information, include species, organs, as well as time. An important 
observation by Kobayashi et al. [51] was that the RBC distribution in the vessel lumen is uneven. 
They noted that the edge close to the wall may contain RBCs. This agrees with the erythrocyte 
distribution curve by Prakash and Singh, who found that the erythrocyte cell population is almost 
constant in the center of a glass tube and decreases to zero almost linearly when the average 
hematocrit is high [52]. Similarly, blood viscosity profiles obtained by Long et al. in rat venules, 
were approximately constant in the center of the vessel and decreased in an almost linear fashion 
near the vessel wall [53]. They proposed a relationship between viscosity and hematocrit, which 
would imply a hematocrit profile similar to the viscosity profile across the vessel lumen 
(unpublished observations). Based on this information, a hematocrit function was assumed in this 
model to be constant in the RBC-rich region and to decrease in the plasma layer, reaching zero in 
the vessel wall. 
A linear and a parabolic hematocrit function were tested for the plasma layer (inset in 
Figure 3.4B). For the linear function, the average hematocrit is about 50% of that in the center of 
the vessel, and is lower (about 32%) for the parabolic function. As observed in Figure 3.4, the 
concentration of NO in tissue is greater with the parabolic hematocrit profile than with the linear 
profile due to the reduced NO scavenging with a smaller number of RBCs in the plasma layer. 
Experimental results in the literature, while sparse, suggest a linear decrease in the distribution of 
RBCs near the vessel wall. Thus, the present linear profile may more closely mimic in-vivo 
conditions. This study is in agreement with Tsoukias et al. [104], who concluded that the 
difference in NO uptake between RBCs and free hemoglobin is small. In this model, it was 
assumed that blood is a non-uniform hemoglobin solution with the NO scavenging in blood 
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related to the hematocrit function. The results from simulations with a similar plasma layer 
thickness as used by El-Farra et al. [81] show that the drop of peak NO due to the presence of 
RBCs in the plasma layer is not more than 10% for the linear hematocrit profile (Figure 3.3). One 
possible reason for this difference may be the assumption that the number of RBCs in the plasma 
near the vessel wall is less than in the lumen core. Another possible reason is that the model 
included coupled NO/O2 transport. 
The presence of RBCs in the plasma layer near the endothelium has significant effects on 
both O2 and NO transport. They provide an additional source of O2, with a small increase in O2 
delivery from blood to tissue. Table 5 shows that the O2 gradient across the vascular wall can 
increase by 1.4% to 2.7% with the linear hematocrit profile in the plasma layer. Figure 3.2A and 
B also illustrate that the mean endothelial PO2 for simulations with RBCs in the plasma layer is 
higher than without RBCs. The elevated availability of O2 in the endothelium also increases NO 
production. However, RBCs in the plasma layer also act as NO scavengers, with the net result 
that there is a significant decrease in tissue NO bioavailability (Figure 3.1 and 3.2). However, NO 
in the vessel wall predicted from the present simulations is still high enough to perform its 
physiological role, although it is reduced due to the presence of RBCs in the plasma layer. Mean 
NO in the vascular wall for RNO = 150 µM/s with RBCs in the plasma layer is around 180 nM, 
higher than the minimum concentration to activate sGC [20, 105]. The model also demonstrates 
that the higher concentration of RBCs in the lumen impairs diffusion of NO from the endothelium 
to the bloodstream and enhances diffusion of O2 from the bloodstream to tissue. For parabolic 
blood flow, RNO = 300 µM/s and δp = 2.0 µm (Figure 3.2C and D), peak NO in the endothelium 
decreased by 79.4 nM (21.5%) while mean PO2 increased by only 0.6% in simulations with the 
presence of RBCs as compared to the absence of RBCs in the plasma layer. 
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3.5 Conclusions 
NO scavenging by RBCs and convective transport in blood are the dominant factors 
determining radial NO distributions in blood and tissue, while axial diffusion is negligible. The 
present results illustrate that the presence of RBCs in the plasma layer near the vessel wall has a 
significant effect on both NO and O2 transport. The present computer simulations demonstrate 
that the presence of RBCs in the plasma layer decreases NO availability, but enhances O2 
availability to tissue, and that the effect on NO transport is much more pronounced than on O2 
transport.  
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CHAPTER 4 NO TRANSPORT AROUND AN ARTERIOLE-VENULE PAIR 
 
4.1 General Description  
NO released from venular wall has been shown to affect the vessel tone regulation of the 
paired arteriole [62-65, 106]. The mechanism of this regulation mechanism is, however, not 
elucidated. The goal of this study was to investigate, using a computer model, the co-transport of 
NO and O2 in a paired arteriole-venule, surrounded by capillary-rich tissue. The results of this 
chapter have been published [107-109]. 
4.2 Mathematical Model 
NO and O2 transport was considerated in a capillary-perfused tissue cuboid containing two 
parallel straight tubes: an arteriole and a venule. The model consists of five regions: arteriolar 
core, arteriolar RBC-poor layer, venular core, venular RBC-poor layer and capillary-perfused 
tissue. The endothelial layer and glycocalyx layer on the wall of the arteriole and venule were 
represented as infinitesimally thin surfaces due to their relatively small thicknesses. Blood was 
assumed to be a continuum of hemoglobin solution. Blood flow was assumed to be steady both in 
the vessel lumens and in the capillary-perfused tissue. The model geometry is shown in Figure 
4.1, and the model parameters are defined in Table 6. 
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Figure 4.1. Paired arteriole-venule model geometry. A: View of the 700µm×500µm×7500µm 
capillary-perfused tissue cuboid in which an arteriole-venule pair is embedded; B: Cross-sectional 
view of the cuboidal geometry: arteriolar RBC-rich core (0<((x-xc1)2+(y-yc1)2)0.5<r1,a), arteriolar RBC-
poor layer (r1,a<((x-xc1)2+(y-yc1)2)0.5<r2,a), venular RBC-rich core (0<((x-xc2)2+(y-yc2)2)0.5<r1,v), venular 
RBC-poor layer (r1,v<((x-xc2)2+(y-yc2)2)0.5<r2,v) and capillary-perfused tissue (((x-xc1)2+(y-yc1)2)0.5>r2,a 
and ((x-xc2)2+(y-yc2)2)0.5>r2,v). H is the height and W is the width of the tissue cuboid and the arrows at 
the inlet of the arteriole and venule indicate the longitudinal blood flow direction in the 
corresponding vessel. Lavw is the distance between the two adjacent vessel walls, and 
Lc1c2=Lavw+r2,a+r2,v. 
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Table 6. Parameter definitions for the paired arteriole-venule model 
 
Parameter Range Units Ref. 
Vessel length (LZ) 7500 µm  
Outer radius of arteriolar plasma (r2,a) 47/2 µm [51] 
Outer radius of venular plasma (r2,v) 62/2 µm [51] 
Thickness of arteriolar plasma layer δp,a =r2,a – r1,a 2 µm [50] 
Thickness of venular plasma layer δp,v =r2,v – r1,v 2.5 µm [53] 
Systemic hematocrit (Hct) 36.6%  [110] 
Arteriolar hematocrit (Hcta) 30%  [110] 
Venular hematocrit (Hctv) 26%  [110] 
Capillary hematocrit (Hctcap) 17.8%  [110] 
Vmax at arteriole inlet (Vmax,a) 9315.7 µm/s [110] 
Vmax at venule inlet (Vmin,v) 4244.0 µm/s [110] 
O2 solubility (αO2) 1.34 µM/Torr [10] 
O2 diffusion coefficient (DO2) 2800 µm2/s [111] 
NO diffusion coefficient (DNO) 3300 µm2/s [10] 
Maximum O2 consumption rate (Qmax) 10 µM/s [75] 
Hemoglobin scavenging (λb) at 45% Hct 382.5 s-1 [21] 
Tissue scavenging (λt) 5 s-1 
See 
text 
Maximum O2 bound to hemoglobin (Cmax) at 45% 
Hct 8000 µM [111] 
                                                                                                         
 
4.2.1 RBC-rich core and RBC- poor layers of arteriole and venule 
NO and O2 distributions inside the vessel lumens were assumed to be governed by general 
mass transport equation [82, 102]. The main mechanisms of luminal transport of O2 were 
assumed to be governed by diffusion and convection, and the main mechanisms of luminal 
transport of NO considered in the present model were diffusion, convection and consumption by 
hemoglobin. The autooxidation of NO by O2 was ignored in the present model due to their low 
reaction rate [10].  
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In the above equations, C(x,y,z) is the O2 carrying ability of blood, v=(vx, vy, vz) is the 
blood velocity, and ),,( zyxλ  is the NO scavenging rate by hemoglobin.  
Blood flow inside the arteriolar and venular lumen was modeled as fluid flow in a tube 
with porous walls. The velocity profiles inside the arteriole and venule were solved based on 
Weinbaum’s method [112]. 
Within the arteriolar lumen: 
⎥⎦
⎤⎢⎣
⎡ −⎥⎦
⎤⎢⎣
⎡ −= 2
2
11 )
r
r()
L
zq(V)z,y,x(u
a,
a
z
amax,a     (Eq. 51) 
⎥⎦
⎤⎢⎣
⎡ −= 3
22
2
2
1
2
)
r
r(
R
r
L
qrV
)z,y,x(v
a,
a
a,
a
z
a,amax,
a     (Eq. 52) 
Within the venular lumen: 
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where u and v are velocity components along the longitudinal and radial direction in the vessel 
lumen; Vmax,a and Vmin,v are the peak velocities at the inlet of arteriole and venule respectively; 
ra=((x-xc1)2+(y-yc1)2)1/2 and rv=((x-xc2)2+(y-yc2)2)1/2  are the radial distances away from the 
arteriolar (xc1,yc1) or venular axis (xc2,yc2); c1 and c2 represent the centers of the arteriole and 
venule, Lz is the length of the venule and the arteriole, q is the ratio of blood being shunted from 
the arteriole to the venule via capillaries to that entering the arteriole at its inlet, r2,a and r2,v are the 
radii of the arteriolar and venular lumen, and the subscripts a and v represent arteriole and venule 
respectively.  
 Fåhraeus effect was incorporated in the current model by assuming a RBC rich region and 
a RBC poor layer in both the arteriole and venule [47].  The hematocrit was assumed to be 
independent of the vessel length. The hematocrit was assumed to remain constant (Hcore) in the 
RBC rich region in the central lumen, and then decrease linearly in the RBC poor region in both 
the arteriole and venule. The hematocrit (Hwall) at the blood wall interface was assumed to be the 
product of the capillary hematocrit [110] and fractional capillary volume [113]. Using the same 
notation as equation Eq 51-54, the hematocrit in the arteriolar and venular lumen were assumed to 
be: 
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where Hcore,n was related to the systemic hematocrit (HD) with an appropriate mass balance [102] 
and r1,n is the radius of the RBC rich core. Note that Equation 55 was used to describe the 
hematocrit for both the arteriole (n=a) and the venule (n=v).  
C(x,y,z) and λ(x,y,z) were represented by the following approximations: 
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zyxHzyx ),,(),,( λλ =       (Eq. 56) 
DH
zyxHCzyxC ),,(),,( max=      (Eq. 57) 
where bλ  and Cmax are the NO scavenging rate and the maximum O2 carrying capacity of blood 
at a systemic hematocrit of 45% respectively [21].  
4.2.2 Capillary-perfused tissue 
 The term “capillary” was used to represent small vessels that surround the arteriole and 
venule pair in the tissue. Although there are larger and more sparsely distributed vessels than 
capillaries (pre/post-capillary vessels) in tissue layers adjacent to the arteriolar and venular wall, 
the typical thickness of and vessel distributions in the layers are not known. For simplification,  it 
was assumed that the vessel distribution surrounding the vessel pair in tissue was uniform and the 
capillaries-perfused tissue was modeled as a porous media. The streamlines was used to 
approximate the capillary flow in the tissue. Similar techniques were used by Popel et al. [73] and 
Weerappuli et al. [113]. They developed continuum models to consider O2 transport in capillary-
perfused tissue surrounding a central arteriole or venule. Capillaries were assumed to be 
distributed in the tissue and were approximated using streamlines. Hsu and Secomb approached 
the same problem by replacing the capillary blood flow field with an array of capillaries [114]. 
They showed that the capillary locations in the vicinity of the arteriole affect arteriolar O2 loss. 
However, the arteriolar O2 efflux calculated by Hsu and Secomb was comparable to that 
predicted by Weerappuli et al. This suggests that the treatment of capillary-perfused tissue as a 
continuum may be a reasonable simulation of O2 transport around an arteriole or a venule. A 
more sophisticated model with detailed 3-dimensional vessel network structure in order to include 
the effect of pre/post-capillary vessels on NO transport needs to be developed in the future.  
With the porous media assumption, the transport of NO and O2 were approximated by: 
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where RO2,t and RO2,c are the O2 consumption rates by tissue and capillary endothelium 
respectively, λt and λc correspond to the NO scavenging rates by tissue and capillary blood, and  
v=(vx,vy,vz) is the blood flow distribution in the capillary-embedded tissue.  
Blood was assumed to exit the arteriole through the wall and into the capillary-perfused 
tissue at a constant rate and enter the venule. Blood flow in the capillary-perfused tissue was 
approximated using Darcy’s Law. The capillary blood flow distribution in the tissue was 
determined using capillary blood pressure of 22.6 Torr [115] , blood velocities normal to the 
arteriolar and venular wall (Va* and Vv*) from equations 3 and 5, and the blood permeability in 
tissue estimated as 0.5(Va*+Vv*)Lavw/(42.4Torr-14.2Torr)[115]. The blood velocity component 
along the vessel axes was neglected.  
NO production in the tissue was assumed to originate only from the capillary endothelium. 
The NO production rate of the capillary endothelium (cRNO,) was assumed to be the same as in 
the arteriolar endothelium: 
mO
O
NONO KP
P
RaR +=
2
2
max , where RNOmax is the maximum NO 
production rate of the arteriolar endothelium, and Km = 4.7 Torr is the PO2 value when the NO 
production is at its half maximum rate [11]. Since it was assumed that the capillaries were 
uniformly distributed in the tissue, the tissue NO production is only dependent on the density of 
the capillary endothelium and the availability of O2 in tissue. Using capillary density of 1435 per 
mm2 radius of 1.8 µm [79] and endothelium thickness of 0.3 µm [116], NO production rate in a 
unit volume was calculated to be NONO aRcR ×= 005272.0 .  
NO in the capillary embedded tissue is scavenged by the tissue cells and capillary blood. 
NO consumption by the tissue cells was assumed to obey a pseudo-first order reaction with a 
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reaction rate NOt C×λ [10], where tλ =5s-1 is a pseudo first order rate constant for NO scavenging 
by soluble guanylate cyclase and was chosen from the range reported in the literature [117, 118]. 
The average scavenging rate of NO by blood in any location inside the tissue should be 
proportional to the amount of blood flowing across the location, therefore it was assumed 
*5.382*0146.0
aD
cap
t V
V
H
H=λ , where 22 yx vvV +=  is the blood flux in tissue, 0.0146 is the 
fractional capillary volume [79]. 
O2 is consumed by the metabolic activity of tissue cells and NO production of the capillary 
endothelium. O2 consumption by tissue cells was coupled with that of NO by using a modified 
Michaelis-Menten kinetics, as described in Chapter 1. The Michaelis-Menten O2 consumption 
model was found to provide the best fit for experimental  PO2 gradient measurements in brain 
slices and liver slices, compared to some other O2-dependent O2 consumption models [119]. In an 
early control model for O2 delivery and utilization in rat skeletal muscle, Granger and Shepherd 
[120] proposed an O2 consumption rate that varies with PO2, assuming a “hyperbolic function” of 
mitochondrial O2 uptake for PO2 less than 5 Torr and a constant (zero order) reaction rate for PO2 
above 5 Torr. In the modified Michaelis-Menten kinetics proposed by Buerk[10], the Km value 
was assumed to be dependent on NO concentration, based on reported effects of NO on O2 
consumption in the literature. The value for Qmax of the surrounding tissue was chosen to be close 
to that estimated by Tsai et al. [74]. The amount of O2 consumed by the capillary endothelium for 
NO production was assumed to be 2 times NO production by capillary eNOS , i.e., RO2,c=2tRNO 
[9]. 
4.2.3 Boundary conditions 
 Zero mass flux was assumed at the outermost surface of the capillary-embedded tissue 
cuboid for both O2 and NO except at the inlet of the arteriole and venule. At the inlet of the 
arteriole (z=0), PO2 in the RBC-rich region was specified to be constant (PO2,amax = 58.59 Torr, 
  
84
corresponding to 60% hemoglobin saturation). At the inlet of the venule, the amount of O2 
flowing into the RBC-rich region was set to be the product of PO2,vmax and the cross-sectional area 
of the venular core (PO2,vmax =31.28 Torr, corresponding to 30% hemoglobin saturation). The O2 
level and the geometrical dimension of the arteriole-venule pair were close to the measurements 
reported by Kobayashi[51].  
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CNO and PO2 partial pressures were assumed to be continuous across the endothelial 
surface, and the mass flux of each species entering and leaving the interface was related by:  
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where n is the normal vector to the vessel wall, RNO is the endothelial NO production rate used in 
some previous models [82, 102], δe is the thickness of the endothelial layer and was set to be 1 
µm for both arteriole and venule, and 0146.0
45.0
5.382 capwall
H=λ . 
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Figure 4.2. Mesh generation in simulation with Lavw=25µm, RNO=150µM/s and blood shunting 
ratio=q0. A: An overview of the 3D mesh that is consisted of 55770 elements; B: A cross-sectional 
view of mesh at XY surface (z=0). 
 
 
 
4.3 Numerical Method 
The sets of coupled partial differential equations written for the model were solved by 
finite element method using commercial software (FlexPDE 4, PDESolutions, Antioch, CA).  
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The cubic element type was chosen for the FEM analysis, and the error limit was defined 
using 0.0001. The number of elements varied between 50000 and 70000 in different simulations 
(Figure 4.2).  
The simulations were performed on a Pentium 4 computer, and most numerical solutions 
were obtained within 5:00:00 to 8:00:00 CPU time. 
The convergence of the numerical solution was verified by using a smaller error limit of 
0.00001. 
4.4 Results 
Figure 4.3A, B and Figure 4.4A, B show cross-sectional profiles for NO concentration and 
O2 partial pressure as a 2-dimensional longitudinal slice depicted as the A1A2 surface in Figure 
4.1. Figure 4.3C, D, and Figure 4.4C, D show NO concentration and O2 partial pressure at a 2-
dimensional XY slice in the middle of the vessel pair (Z=Lz/2). Figure 4.3 shows NO 
concentration and O2 partial pressure at the intersection of surfaces A1A2 and Z=Lz/2. The white 
dashed lines in Figure 4.3 and Figure 4.4 represent the axes of the arteriole and venule. The 
distance between the arteriole and venule wall (Lavw) was set to 100 µm. An endothelial NO 
production rate of 300 µM/s for the capillaries, arteriole and venule was used. The blood shunting 
ratio,  defined as the fraction of the arteriolar blood flow that exits the arteriole and returns to the 
venule via the capillaries, was set at q=q0. q0 was estimated to be 0.174 based on a blood 
permeability of 0.0005425 m3 blood/s / m3 tissue [121]. 
Figure 4.3A and B compare NO concentration profiles on the A1A2 surface computed in 
the presence or absence of capillaries respectively. There is pronounced difference in NO 
distribution around the arteriole and venule along their longitudinal axes due to the presence of 
capillaries. In the presence of capillaries, NO levels around the arteriole and venule are highest at 
the vessel inlet, decreasing along the blood flow direction. However, the NO concentration profile 
remains nearly unchanged along the vessel axis when capillaries are not included in the model.  
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Figure 4.3C and D compare NO concentration profiles on the Z=Lz/2 surface computed in 
the presence or absence of capillaries respectively. Most importantly, note that NO levels were 
significantly enhanced due to the presence of capillaries.  
 
 
Figure 4.3. The effect of the presence of capillaries surrounding the arteriole and venule on NO 
transport.  
 
 
 
Figure 4.5A shows a quantitative distribution of NO concentration at the intersection of 
surfaces A1A2 and Z=Lz/2. Due to the presence of capillaries, peak NO concentration increases 
from 320.2 nM to 360.4 nM in the arteriolar wall closest to the venule, and from 324.3 nM to 
359.1 nM in the venular wall closest to the arteriole. In the absence of capillaries, NO 
concentration drops sharply from the vessel walls to the surrounding tissue. In contrast, in the 
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presence of capillaries, the drop in NO concentration in the tissue away from the vessel walls is 
more gradual. Furthermore, NO concentrations around the vessel pair are higher in the region of 
the arteriole side than the venule side. 
Figure 4.4 compares the effect on O2 transport due to the presence of capillaries around the 
arteriole-venule pair.  
Figure 4.5B shows a quantitative distribution of PO2 at the intersection of surfaces A1A2 
and Z=Lz/2. It suggests that O2 level is significantly elevated due to the presence of capillaries 
around the vessel pair. The elevation is more pronounced in the tissue region close to the venular 
and arteriolar inlet (Figures 4.4A and B). O2 profiles inside the venular lumen are less axially 
symmetric for simulations with (Figures 4.4A and C) than without capillaries in tissue (Figure 
4.4B and D). Regardless of the presence or absence of capillaries around the vessel pair, O2 levels 
are higher in the portion of the venular lumen closer to the arteriole than away from the arteriole 
and O2 levels in the arteriolar and venular lumen decrease along the blood flow direction. 
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Figure 4.4. The effect of capillaries surrounding the arteriole and venule on O2 transport.  
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Figure 4.5. Quantitative distribution of NO concentration and PO2 at the intersection of surfaces 
A1A2 and Z=Lz/2.  
 
 
 
Figure 4.6 shows the effect on oxygen delivery to tissue as the fraction of blood shunted 
from the arteriole to the venule via capillaries is varied. The distance between the arteriole and 
venule wall was set to be 100 µm, and RNO for the arteriole, venule and capillary endothelium 
were set to be 150 µM/s each. The amount of oxygen delivery from blood to tissue was calculated 
based on:  
O2 delivery =
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where )(**
222 OO
PSHctCPO +=α  is used to calculate the O2 contents in blood [111] and C 
is defined in Eq. 57. A normalized ratio of 0 in the figure represents the absence of capillaries 
around the arteriole-venule pair and a ratio of 1 corresponds to a shunted ratio q0. O2 delivery at 
normalized shunted blood ratio=1 was calculated to be 2.6×10-7 ml O2/s. This demonstrates that 
the presence of capillaries and increased amount of blood being shunted from arteriole to venule 
significantly increase O2 delivery to tissue.  
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Figure 4.6. The effect of increasing capillary blood flow on O2 delivery from blood vessels to tissue 
Lavw=100 µm, λtissue =5 s-1, and eRNO, aRNO and vRNO were set to be 150 µM/s and normalized blood 
shunt ratio 
0q
q
 was set to increase from 0 to 2 using 0.5 increments. Normalized O2 delivery was 
calculated based on O2 delivery at q0. 
 
 
 
Figure 4.7 depicts the effect on NO distribution when the venular endothelial NO 
production rate (vRNO) is increased from 50 µM/s, to 150 µM/s and to 300 µM/s. Capillaries were 
assumed to be present around the arteriole and venule. RNO for the arteriole and capillary 
endothelium were set at 50 µM/s in all simulations. Note that the elevation of vRNO increases NO 
levels around the arteriole significantly when the distance between the two vessels is small. The 
increase is more pronounced in the region closer to the venular wall.  
Figure 4.7A shows that peak NO concentration in the arteriolar wall increases from 60.5 
nM to 75.1 nM. However, increasing venular RNO has an insignificant effect on NO level around 
the arteriolar wall when the two vessels are far away (Figure 4.7B).  
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Figure 4.8 shows the effect on O2 and NO transport when varying the distance between the 
arteriole and venule (Lavw). The O2 profile in the venule is skewed and displaced toward the 
arteriole as the distance between the arteriolar and venular walls decreases. It remains nearly 
parabolic if the distance is more than 200 µm. The O2 profiles in the arteriole appear not to vary 
with the distance between the vessels. NO concentration can be higher in the venular wall than 
the arteriolar wall when the two vessels are very close. NO concentration in the vicinity of the 
venular wall is approximately axi-symmetric when the distance exceeds 150 µm. 
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Figure 4.7. The influence of increasing vRNO on NO distribution around arteriole. Contour plots 
were generated on slice z=Lz/2, λtissue=5 s-1, q=q0, and eRNO, and aRNO were set to be 50 µM/s. 
vRNO increased from 50 µM/s, to 150 µM/s then to 300 µM/s. Left column was from simulation set 
with Lavw=25 µm and Right column was from that with Lavw=150 µm. 
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Figure 4.8. The effect of varying Lz on O2 and NO transport in capillary-perfused tissue embedding 
the arteriole and venule pair. A and B were plotted at the intersection of two surfaces A1A2 and 
z=Lz/2 in the middle length of the tissue cuboid (z=Lz/2). The peak NO concentration and PO2 in the 
arteriolar and venular wall from A and B were plotted against Lavw in C and D. Lavw was set to 
increase from 25 to 100 then to 200 µm. λtissue=5 s-1, q=q0, and vRNO, eRNO, and aRNO were set to be 
150 µM/s. 
 
 
 
4.5 Discussion 
The results of this chapter suggest a number of factors that effect NO and O2 transport in 
and around paired arterioles and venules. These factors include the presence of capillaries, the 
distance between paired arteriole and venule, and venular NO production rate. The results suggest 
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that endothelial cells in the capillaries that traverse the surrounding tissue form a potential NO 
source, important for sustaining the basal NO level in tissue. Capillaries also appear to contribute 
to NO transport between arterioles and venules. Increased NO production in the venular wall may 
elevate NO around the arteriole when the paired vessels are close to each other. The computations 
also suggest that increased capillary blood flow enhances O2 delivery to tissue. 
4.5.1 Comparison of Calculated NO distribution with Experimental Measurements 
Results of in vivo measurements of CNO around paired small artery and small vein have 
been reported in the literature.  Most of the experimental results are similar to the simulation 
results of a paired arteriole-venule in this chapter. Bohlen [106] measured NO on the walls of the 
small arteries (diameter=128±80 µm) and veins (diameter=283±18 µm) of rat intestine using 
recessed-tip NO sensitive microelectrodes, and obtained resting NO concentrations of 353±28 nM  
around small arteries, 401±48 nM around small veins and the average of  the two values in tissue. 
Nase et al. [8, 12]  measured NO concentrations in rat intestine. They reported values during 
normoxia of 397±26 nM in the vicinity of the arteriolar wall, 298±34 nM in the vicinity the 
venular wall and 100 nM in the tissue 100 µm away from the arteriole. Vukosavljevic et al. [13] 
also obtained NO concentrations of 338 ±40 nM and 313±48 around arteriolar and venular wall 
respectively in the mesentery and intestine. NO concentration in tissue was not reported in this 
experiment. The model in this chapter predicts NO concentration of 360.4 nM in the arteriole 
wall, 359.1 nM in the venular wall and around 160 nM in the tissue 100 µm away from the 
arteriolar wall, using RNO=300 µM/s for the arteriolar, venular and capillary endothelium, a 
distance between the arteriolar and venular walls of 100 µm, a rate of NO scavenging by tissue of 
5s-1, and a rate of NO scavenging by blood of 382.5 s-1 at 45% systemic hematocrit (Figure 4.5).  
When capillaries were removed from the simulation, NO concentrations decreased to 320.2 
nM in the arteriolar wall and 324.3 nM in the venular wall. Furthermore, the concentration drops 
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sharply to zero in the tissue surrounding the arteriole (Figure 4.5), suggesting that the presence of 
capillaries in tissue is important for NO transport around the paired vessels.  
4.5.2 The influence of capillaries on NO transport 
There are a large number of capillary endothelial cells in perivascular tissue around 
venules and arterioles, and expression of eNOS has been shown in capillary endothelium. 
Kashiwagi et al. performed immunohistochemical analysis for iNOS, nNOS and eNOS in 
mesenteric tissue [98]. They found that there was eNOS expression in venules, capillaries and 
arterioles, and they showed that the expression of eNOS is higher in venules and capillaries than 
in arterioles. They found that there was also nNOS expression in mast cells and nerve fibers that 
innervate the arterioles. Other studies suggest that it is eNOS rather than nNOS that is most 
important to NO production [122, 123]. 
The presence of eNOS in the capillary endothelium enables the capillaries to play an 
important role in NO communication between the paired arteriole and venule. Mitchell and Tyml 
[66] applied L-NAME  and BK to the capillary bed between an arteriole-venule pair in rat 
skeletal muscle. They observed that L-NAME, which inhibits NO production by eNOS, caused 
significant reduction of blood flow through the capillaries. Local application of BK, which 
stimulates NO production, was found to cause pronounced increase in capillary blood flow and 
remote arteriolar dilation. Nellore and Harris [67] measured NO concentration close to coupled 
arteriole and venule in healthy and diabetic rat mesentery using fluorescent diaminofluorescein-2-
diacetate (DAF-2DA). Their results suggested that arteriolar dilation is positively correlated to 
the venular shear rate elevation in the healthy rat; however, this correlation disappeared in the 
diabetic rat. They also observed that NO concentration level in the diabetic rat was significantly 
lower than that in the healthy rat. They hypothesized that it is poor capillary perfusion in diabetes 
that resulted in these observations. The simulations in this chapter, which are consistent with this 
observation, suggest that the presence of capillaries aid in sustaining a basal level of NO 
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concentration around the arteriole-venule pair, making arteriole-venule communication possible 
(Figure 4.3), while the absence of capillaries diminishes NO communication between the arteriole 
and venule. The results are also consistent with the results from a model of NO capillary 
exchange by Tsoukias and Popel [116], which predicted that in the absence of myoglobin or 
plasma-based hemoglobin, capillaries can augment NO concentration in tissue somewhere 
between 20 to 300 nM.  
4.5.3 The influence of the distance between the arteriole and venule on NO transport 
The simulation results indicate that the distance between the paired venule and arteriole has 
a considerable effect on O2 and NO transport. Some measurements of NO  have shown a higher 
concentrations of NO in the arteriolar wall than in the venular wall [13], whereas others, have 
reported the opposite [106]. One possible reason may be the different NO synthase protein 
level/activity in venular and arteriolar endothelium [124]. This model shows that another factor, 
the distance between the arteriole and venule, may also contribute to previously observed 
differences (Figure 4.8). This model demonstrates that when the distance between the arteriole 
and venule is small, NO concentration in the arteriolar wall may be lower than that in the venular 
wall, although O2 and NO distributions are mainly determined by the arteriole. When the distance 
is large, NO concentration is higher in the arteriolar than the venular wall, and transport of O2 and 
NO between the venule and arteriole are no longer coupled.  
In this model, it was assumed that the endothelial layers on both arteriolar and venular wall 
have equal thickness. Also in the set of simulations for Figure 4.8, the NO production ability of 
the arteriolar endothelium was assumed to be the same as that of the venular endothelium. Since 
the radial size of the venule is larger than that of the arteriole, there are more endothelial cells in 
the venular wall. Therefore, under such conditions, it is reasonable to have higher NO 
concentration in the venular than arteriolar wall when the distance between the paired vessels is 
small. 
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NO release from venules has been reported to be involved in regulating vascular tone of the 
coupled arteriole. Whether this regulation is controlled by pure diffusion of NO from venule to 
arteriole is not fully understood. The results of this model suggest that increasing NO production 
in the venular wall may elevate NO levels around the arteriole if the distance between the 
arteriole and venule is small (Figure 4.7). This result is consistent with the conclusion from the 
two dimensional NO diffusion model by Kavdia and Popel [84], in which a constant PO2 of 15.5 
Torr was assumed to be everywhere, and the distance between arteriole and venule was set at 25 
µm. Convection of both O2 and NO were neglected. However, increasing NO production rate of 
the venular endothelium up to 6 times of the arteriolar endothelium had a very limited effect on 
NO in the arteriolar wall if the distance between the two vessels was increased to 150 µm. Since 
the distance between a paired arteriole and venule normally varies between 0 and 200 µm [125], 
this suggests that diffusion of NO from venular endothelium is very unlikely to be the only factor 
regulating arteriolar tone if the distance between arteriole and venule is large. Other NO related 
factors, which are still not fully understood, may be involved. 
4.5.4 The influence of O2 availability on NO synthesis 
Since generation and transport of NO in vivo are closely linked to O2, O2 was 
incorporated in this model as an essential component. One role of O2 is to participate in the 
production of NO from the guanidine-nitrogen terminal of L-arginine under the catalysis of NOS. 
The general agreement in the literature is that an increase in O2 causes greater NO production by 
eNOS and the NO production rate can be fitted by Michaelis-Menten kinetics. Early research on 
isolated NO synthase from cultured bovine aortic endothelial cells reported a low Km value of 4.7 
Torr for O2 [11]. Whorton et al. investigated the effect of varying O2 concentrations on NO 
production by measuring nitrite (NO2-) and nitrate (NO3-) production by intact vascular 
endothelial cells. They found that half maximal NO production rate occurred at a PO2 level of 38 
Torr [8]. However, there is experimental evidence that contradicts this predicted O2-dependent 
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behavior. Nase and Tuttle, using NO-sensitive microelectrodes to measure perivascular NO 
concentration in rat intestine, found that reduced perivascular O2 concentration increased NO 
release from endothelial cells [12]. They hypothesized that the arteriolar endothelial cells might 
have an O2 sensing mechanism that relates its NO synthesis ability to reduced O2. There are 
several possible ways that perivascular NO might increase during hypoxia. For example, there 
could be greater NO production due to higher shear stress with increased flow during hypoxic 
vasodilation that offsets any decrease in O2-dependent NO production. Also, calcium-dependent 
NO production might increase if there is a rise in endothelial intracellular calcium during hypoxia. 
Another alternative is release of NO from stores in tissue or blood under hypoxic conditions. 
These mechanisms were not investigated in this model.  
Nevertheless, these in vitro and in vivo experiments indicated that variation of O2 
availability within physiological range can result in significant change of NO synthesis in 
vascular endothelial cells. Since O2 partial pressure in distal vascular beds varies between 0 to 40 
Torr, it is necessary to include O2 in the NO transport model. This was supported by results of 
this simulation, suggesting that a pronounced convection effect on O2 profiles occurs along the 
axes of blood vessels, accompanied by NO profile variations (Figure 4.3 and Figure 4.4). 
4.5.5 The influence of the capillaries and arteriole-venule pair on O2 transport 
The simulations indicate that O2 levels in the tissue surrounding the paired venule-arteriole 
were elevated significantly due to the presence of capillaries (Figure 4.5). The calculated O2 
delivery is about 23% - 33% higher in simulations in the presence of capillaries and blood shunt 
ratio q0=0.174 than with no capillaries in the surrounding tissue. Increased blood flow in 
capillaries can also elevate O2 delivery from blood to tissue, indicating that the capillaries 
surrounding the paired arteriole and venule can also facilitate O2 release from the arteriole -
venule pair to the tissue. The results may explain the experimental observation that O2 loss from 
arterioles is one order of magnitude higher than the theoretical estimate [73].  
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The results also suggest that the radial distribution of O2 in the arteriolar and venular 
lumen is non-uniform. O2 profiles in the arteriolar lumen maintain a nearly axisymmetric 
parabolic shape with minimal skewing due to an adjacent venule. However, O2 levels in the 
venular lumen are higher in the region close to the arteriolar wall than further away from the wall, 
and peak O2 in the lumen of the venule deviates from the center of the venule towards the 
arteriolar wall. The predictions agree with results of experiments by Kobayashi et al. who 
mapped the in vivo profile of O2 saturation in lumens of an arteriole-venule pair having 
communicating capillaries [51].  
 
4.6 Summary 
The results in this chapter suggest that the capillary bed around the paired arteriole and 
venule can significantly facilitate release of O2 from the vessel pair to the surrounding tissue; it 
may be an important NO source, aiding in sustaining basal NO levels in the tissue and 
contributing to NO concentration in the arteriolar wall. The simulations also indicate that the 
distance between the arteriole and venule is an important factor for NO transport. Increasing NO 
production in the venular wall can elevate NO around the arteriole if the distance between the 
arteriole and venule is small. When the distance between two paired vessels is large, NO 
diffusion from venular wall appears to have a very limited effect on NO in the arteriolar wall. 
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CHAPTER 5 NO TRANSPORT IN RAT SKELETAL MUSCLE CONTAINING A 
BLOOD VESSEL NETWORK 
 
5.1 General Description  
This model is expanded, from the previous models in Chapter 2, Chapter 3 and Chapter 4, 
to simulate NO release and transport in a block of skeletal muscle containing a blood vessel  
network. The goal of this study was to evaluate the effects of the blood shear variation and flow 
related hematocrit distribution in the network on NO distribution in skeletal muscle tissue. 
 
5.2 Mathematical Model 
NO transport was considerated in a rat skeletal muscle tissue cuboid (100 µm × 500 µm × 
75 µm) containing 15 vessels: an arteriole (A1) with one arteriolar branch (A1a) and two capillary 
branches (C2 and C3), another arteriole (A2) with two arteriolar branches (A2b and A2c), and 
eleven capillaries spreading in a parallel pattern (C1 and C4-C12). Blood was assumed to be a 
continuum of hemoglobin solution and to be steady in all vessels. The endothelial layer and 
glycocalyx layer on the wall of all vessels were represented as infinitesimally thin surfaces.  
The blood vessel network was re-constructed based on 3D structural data in rat skeletal 
muscle in the literature [78, 79]. To ensure the success of mesh generation and convergence of 
numerical solution, some modifications were made:  the sharp corner at capillary joints were 
smoothed; the arteriole branches were smoothed; the diameter of C2 and C3 were increased from 
4 µm to 6 µm; and  the diameter of A2C were decreased from 10 µm to 8µm. The model 
geometry is shown in Figure 5.1. 
O2 distribution was determined by Secomb and Hsu to be 40.9 Torr in arteriole tree A1 and 
A2, 33.8 Torr in capillaries, and 31.8 Torr in tissue [78]. For simplification, the present model 
assumes eNOS is fully activated under these O2 concentrations in the vessels and does not include 
O2 transport.
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Figure 5.1. Blood vessel network model geometry. A: View of the 100 µm × 500 µm × 75 µm rat 
skeletal tissue cuboid. Parent arteriole A1 has two daughter capillary (C2 and C3) and a daughter 
arteriole (A1a). A1 and its daughter branches are called as arteriole tree A1; Parent arteriole A2 has 
two daughter daughter arterioles (A2a and A2b). A2, A2a and A2b are called arteriole tree A2. C1 
and C4 – C12 are capillaries; B: Cross-sectional view of the cuboidal geometry at ZX plane (y=0); C: 
Cross-sectional view of the cuboidal geometry at XY plane (z=75). 
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Figure 5.2. Mesh generation. A: View of the whole domain mesh; B: Cross-sectional view of the mesh 
at ZX plane (y=0); C: Cross-sectional view of the mesh at XY plane (z=75); D: Cross-sectional view 
of the mesh at YZ plane (X=100); E: Cross-sectional view of the mesh at YZ plane (X=0); F: Detailed 
view of the arteriole tree mesh. 
 
 
 
5.2.1 NO released from the vessel wall 
It has been shown that a change in the shear stress in the physiological range affects NO 
release by the endothelium [6]. Shear stress was calculated using Stokes Equation on the vessel 
wall of arteriole trees and empirical formula on capillary wall. 
5.2.1.1 Blood vessel wall shear stress 
Since Reynolds number for blood flow in the microcirculation is <<1,  Stokes Equation 
was used to approximate blood flow in the two arteriole trees [126, 127]: 
02 =∇+∇− pvη .    (Eq. 62) 
 The apparent relative viscosity for arteriole trees was calculated using an empirical 
formula ηrelative=f(D,HD) [128], where D=(92/69.3)1/3Dhamster. Dhamster is the arteriole diameter in the 
current model [129]. For simplification, a constant viscosity within the arteriole trees was 
assumed, and the viscosity was calculated using data in the parent arterioles. The dynamic 
viscosity is η=ηrelativeηplasma, where ηplasma is the plasma viscosity, and ηplasma = 1.2 cp [130]. The 
resulting dynamic viscosity is 3.16 cp for arteriole tree A1 and A2. 
The average blood velocity at the inlet of arteriole trees was estimated to be 1505 µm/s, 
using the empirical formula by House and Lipowsky [110]. Blood pressure at the outlet of 
arterioles (A1, A2a and A2b) was set to be 29 mmHg [115]. Blood pressure at the outlet of C2 
and C3 was set to be 24.5 and 26 Torr respectively, to obtain blood flow rates similar to 
experimental observations [79]. 
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Parabolic velocity profile was assumed at the inlet of the arterioles, and normal flow and 
constant pressure were assumed at the outlets of arteriole trees. Non-slip boundary condition was 
assumed on vessel walls in arteriole trees.  
The wall shear stress in arteriole tree A1 and A2 were calculated using shear stress on the 
vessel wall: 
( )Tw vvn ∇+∇⋅= ητ    (Eq. 63) 
where n is the normal vector to the vessel wall. 
For capillaries, the shear stress was approximated using: 
3
4
r
Q
w π
ητ =     (Eq. 64) 
where η is blood viscosity, Q is the volumetric flow rate and is available in the literature [78], and 
r is the capillary radius. The average blood velocity is 51 µm/s in capillary C1 and 93.6 µm/s in 
capillaries C4-C12 [131]. η was calculated to be 6.25 cp for C1, and 5.81 cp for other capillaries, 
using Pries’s empirical formula [128]. 
5.2.1.2 Shear stress induced NO production 
In this model, the endothelial layer on the vessel wall was simplified to a thin surface, and 
endothelial NO production was assumed to be linearly dependent on wall shear stress τw [97]: 
control,w
w
control,NO
e
eNO R)r
(R τ
τδδ
2
2
+=   (Eq. 65) 
where the control NO production rate (RNO,control) by the endothelium was set to be 150 µM/s 
[109]; the control wall shear stress (τw,control) was set to be 24 dyne/cm2 [117]; δe is the thickness of 
the endothelial layer and was set to be 1 µm; and r is the outer radius of the corresponding 
microvessel [132]. 
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5.2.2 NO Scavenging by blood 
Once NO is produced by the endothelium, most of it diffuses to the vessel lumen and is 
scavenged by hemoglobin. It has been shown that the effect of convection and axial diffusion is 
much smaller than that of the scavenging [102].  The NO flux from the endothelium to the vessel 
lumen (JBlood) was approximated using [10, 117]: 
)br(I
)br(I
%
Hct)r(CJ bNOBlood
0
1
45
λ=   (Eq. 66) 
where r is the outer radius of the corresponding vessel, CNO(r) is NO concentration in the vessel 
wall, λb = 382.5 s-1 is the NO scavenging rate by blood with 45% hematorcirt, Hct is hematocrit in 
the vessel, b=(λbHct/(0.45DNO))1/2, and DNO is the NO diffusion coefficient in blood. 
The phase separation effect was considered in the arteriole trees. The average hematocrit at 
the inlet of the arteriole trees (A1a and A2a) was assumed to be 20%, based on data from 
arterioles with similar size [110]. The average hematocrit for each branch of the arteriole trees 
was obtained using equation 10 – 13 [68]. 
In the capillaries C1 and C4-C12, the hematocrit was estimated using Hctmicro=(100 fRBC 
MCV)/(VRBC π D2/4) [110], where fRBC, MCV, VRBC and D represent frequency of RBC passage 
(RBC/s), mean corpuscular volume, RBC velocity (µm/s), and capillary diameter (µm), 
respectively. Using MCV of 69.3 µm3  [133] and other data from Ellsworth and Pittman [79],  
hematocrit of 43.3% at C1 and 39.5% at C4-C12 were obtained. 
5.2.3 NO transport in tissue 
The main mechanisms of NO transport in tissue considered in this model were diffusion 
and scavenging by smooth muscle and tissue cells. The transport equation is: 
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   02 =−∇ NOtNONO CCD λ   (Eq. 67)   
 NO scavenging in the vascular wall and tissue (λt) is assumed to obey a pseudo-first order 
reaction and λt = 1 s-1.  
5.2.4 Boundary Condition 
The following boundary condition was used for solving Equation 67: 
At z = 75 µm, CNO = 0 nM; 
On the vessel wall, NO flux from the endothelium to tissue is:  BloodNOefflux JRJ −= ; 
Zero flux boundary condition was used on all other boundaries. 
5.3 Numerical Method 
Some of the studies in this dissertation have been solved numerically using finite element 
methods available in a commercial software package (FlexPDE, PDESolutions, Antioch, CA). 
FlexPDE enables definition of multiple interconnected regions based on realistic physical vessel 
dimensions in cylindrical coordinates, with convection, diffusion and reaction of multiple species 
within and between regions. The software employs adaptive meshing techniques that generate a 
larger number of elements in regions where there are steep gradients. However, FlexPDE has 
certain limitations and is not as useful for constructing more complex 3-D microvascular 
networks.  
The current computational model was developed using a more advanced commercial finite 
element software platform Comsol 3.3 (COMSOL, Inc.). Comsol is a partial differential equation 
based modeling package. It has capabilities to simulate multiphase and multiple chemicals 
interaction problems, including coupled reaction-diffusion-convection phenomena and non-linear 
chemical reactions in complex geometry. 
GMRES solver and Incomplete LU preconditioner were used for these simulations. The 
Lagrange – P3P2 element type was chosen for solving blood flow model and Quadratic element 
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type was chosen for solving the nitric oxide model. Using option “FINE”, 139849 elements were 
generated for the whole computational domain. There are 131639 elements in tissue, 5720 
elements in arteriole tree A1 and 2490 elements in arteriole tree A2 respectively. The mesh within 
and around arteriole trees was refined using the interactive meshing feature of COMSOL 3.3. The 
final resulted 3D mesh was consisted of 216893 elements, including 187209 in tissue, 19923 
elements in A1 and 9761 elements in A2. An overview of the 3D mesh was shown in Figure 5.2. 
The simulations were performed in Dell Precision PWS670 Xeon(TM) (CPU 3.40GHz 
3.39GHz, 2.00 GB of RAM), and a relative accuracy of 1.0 ×10-6 for the numerical solutions was 
used.  
The CPU time was 2706.219 s CPU time for solving N-S equation, and 369.75 s CPU time 
for solving diffusion equation. 
 
5.4 Results 
Figure 5.3 shows the blood flow profiles in the arteriole tree A1 and A2. The blood flow 
profiles were plotted on the surface z = 25 µm (S1) and surface z = 50 µm. The longitudinal axis 
of arterioles A1 and A2 resides on the S1 surface. The longitudinal axis of capillary C2 and C3 
resides on the z = 50 µm. Arrows in the plot show the direction of blood flow in the network. 
Figure 5.4 illustrates the shear stress on the walls of arteriole tree A1 and A2. The shear 
stress was calculated using Equation 13 based on the solution in Figure 5.3. In both arteriolar 
trees, wall shear stress in the parent branch is the highest in the arteriole tree, followed by the 
branches with more blood flow. A relatively low shear stress region was found to exist in the 
outer wall of A2b at bifurcation. The decrease of the shear stress in the region was smoothly and 
naturally, therefore it is not caused by numerical artifacts (Figure 5.4 insert). Also note that wall 
shear stress in the inner wall of the vessel bend is always higher in the wall. 
Figure 5.5 shows NO distribution in the tissue cuboid that contains the blood vessel 
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network. RNO,control was set to be 150 µM/s. NO concentration around C3 is higher than C2. There 
are low NO concentration regions at the transition between vessel bends in arteriole A1 and A2. 
NO concentration in the distal tissue away from arteriole A1, A2, A2b and A2b was shown to be 
around 100 nM.  
 
 
 
 
Figure 5.3. Blood flow velocity profiles in arteriole tree A1 and A2. 
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Figure 5.4. Shear stress distribution in the vessel wall of arteriole tree A1 and A2. A. A view of the 
wall shear stress. The black window and the insert show the location of a low wall shear stress (WSS) 
region. B. A view from different angle (approximate 100 o ) of the same wall shear stress distribution. 
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Figure 5.5. NO distribution in the skeletal muscle tissue cuboid using RNO, control = 150 µM/s. A. 
An overview of NO profiles in the tissue cuboid, showing the location of S1, S2, S3, S4 and 
S5 surfaces. B. NO profiles on the S5 surface (y = 100 µm). C. NO profiles on the S4 surface 
(y = 400 µm). D. NO profiles on the S3 surface (x = 20 µm). E. NO profiles on the S2 surface 
(x = 80 µm). F. NO profiles on the S1 surface (z = 25 µm). G. NO profiles on the line x=20 
µm on the S1 surface (intersection of S1 and S3). H. NO profiles on the line x=50 µm on the 
S1 surface (intersection of S1 and surface x=50µm). I. NO profiles on the line x=80 µm on 
the S1 surface (intersection of S1 and S2). 
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5.5 Discussion 
Many studies to date have modeled NO transport around a single vessel or a group of cells, 
with production from the endothelium; however, until now none of the models has studied NO 
transport, with shear-related production and RBC-redistribution related scavenging, in a blood 
vessel network.  
The blood flow simulation was performed using experimental data in the literature. Blood 
viscosity and blood flow rate were calculated at the inlet of arterioles using an empirical formula 
relating average blood velocity and vessel diameter [68, 110].  Blood pressure at A1, C2 and C3 
were chosen from the reported physiological range [115] so that the blood flow rates at the outlet 
of C2 and C3 from the simulation are similar to experimental observations [79]. As can be seen in 
Figure 5.4, the wall shear stress distribution in the blood vessel network is strongly dependent on 
the network geometry. The simulation showed a relatively low shear stress region in the outer 
wall of the A2 bifurcation. Wall shear stress was found to be higher in the inner wall of the 
arteriole bend than in the outer wall. These results are consistant with the observations by 
Hoogstraten et al. and Jou et al., who performed blood flow simulation in an artery with two 
successive bends and in a carotid bifurcations respectively [134, 135]. Hoogstraten et al. and Jou 
et al. also suggested that these low shear stress regions are the atherosclerosis-prone areas [58]. 
Our results indicate that NO distribution in the vascular bed is related to both RBC phase 
separation effect and shear stress induced NO production. Using blood velocity of 1505 µm/s and 
hematocrit of 0.2 at the A2 inlet, blood velocity of 1061 µm/s and 692 µm/s at the outlet of A2b 
and A2c respectively, hematocrit of 0.22 at A2b and 0.14 at A2c were obtained. Hematocrit in C2, 
C3 and the A1 segment after branching was also calculated to be 0.19, 0.18 and 0.20. It is shown 
in Figure 5.4 that vessel branch having more fractional blood flow from the parent vessel always 
tends to produce larger shear stress on the vessel wall; however, NO concentration is not 
necessarily higher in the wall of the branch than the other branch, as shown in Figure 5.5F, G, H 
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and I. This is most likely due to the phase separation effect resulting in a greater number of  
RBCs drawn from the parent vessel [68, 69], and consequently higher scavenging. This 
observation may be useful to provide insight to the endothelial dysfunction diseases. 
The results also suggest that capillaries are important in maintaining basal NO 
concentration in distal tissue (Figure 5.5B and C). Using RNO,control = 150 µM /s, the average NO 
concentration was calculated to be around 135 nM in tissue. This is close to the tissue NO 
concentration of 100 nM measured by Nase et al. in rat intestine. The result is also consistent 
with the that obtained in Chapter 4 [132]. 
NO concentration on the arteriolar walls obtained in this model varies from 200 nM to 400 
nM. This result is also close to the values reported in the literature. Bohlen [106] measured NO 
on the walls of the paired arteries and veins in rat intestine, and reported resting NO 
concentrations of 353±28 nM  around small arteries, 401±48 nM around small veins. 
Vukosavljevic et al. [13] also obtained NO concentrations of 338 ±40 nM and 313±48 around 
arteriolar and venular wall respectively in the mesentery and intestine. 
Our derivation of NO flux consumed by blood on the vessel wall neglected the effect of 
convection. As we showed in Chapter 2, the convection effect of nitric oxide in the bloodstream 
is small. However, this simplification may still underestimate NO level around the vessel walls, 
and more sophisticated models that consider detailed blood flow and NO transport inside the 
vessel lumen will need to be developed. 
5.6 Summary 
This study is the first computational model in the literature, to author’s best knowledge, 
that simulates NO transport in a realistic blood vessel network. This model investigated the 
combined effect of shear stress related NO production and blood phase separation effect. This 
results show that the wall shear stress distribution in the blood vessel network is strongly 
dependent on the network geometry. There are low wall shear stress regions in the transition of 
  
115
vessel bends and outer wall at vessel bifurcation. These regions are associated with lower NO 
production. The results indicate that the branch accepting more blood from the parent vessel may 
have less NO contents in the vessel wall. This effect combined with low shear stress region may 
contribute to the endothelial dysfunction diseases. 
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CHAPTER 6 CONCLUDING REMARKS 
 
6.1 Contributions 
This dissertation presents four computational models to investigate the mechanisms of NO 
in microcirculation, to explain the contradiction between experimental observations and 
theoretical expectations, and to help discover pathophysiology of NO/O2 related diseases. The 
models were developed in increasingly complex phases, entailing the following steps: simulation 
of individual vessels, simulation of paired arteriole-venule, and simulation of small vessel 
networks 3D configurations. Each model was developed based on anatomical and biochemical 
data that are available in the literature and the results were compared to published experimental 
observations under similar conditions. Each of the models was used to test hypothesized NO 
transport mechanism or explore the mechanisms in unexplained experimental observations. 
The computational models in Chapter 2 and 3 were used to evaluate the effects of 
intraluminal factors, such as different blood velocity profiles, hematocrit profiles, red blood cell-
free plasma layers and glycoprotein endothelial surface layer (glycocalyx, ESL),  on coupled O2 
and NO mass transport in small arterioles (30 µm lumen diameter). O2-dependent endothelial NO 
production, and reversible NO-dependent inhibition of vascular wall and tissue O2 consumption 
were also considred in the models. Physiological data and parameters used in the models were 
based on in vivo phosphorescence quenching PO2 measurements and other experimental data 
reported in the literature.  
The single vessel models provide insight into a number of acknowledged uncertainties in 
the literature. The results indicate that most of the resistance to O2 transport is in the bloodstream, 
and is not due to high O2 consumption rates by the endothelium or the vascular wall, although the 
endothelium may be consuming significant amounts of O2 to produce NO. The results also imply 
that previous measurements or calculations of blood/tissue PO2 gradients in the literature could be 
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overestimated, due to the assumption of PO2 being uniform across the lumen. O2 transport to the 
surrounding vascular wall and tissue and axial PO2 gradients depend strongly on convection, 
whereas NO transport is dominated by diffusion and reaction with hemoglobin. Convective 
transport caused only minor variations in radial and axial NO gradients, which were primarily 
influenced by available O2 for endothelial NO production. Inhibition of O2 consumption by NO 
increased tissue PO2 levels at the outer regions supplied by the arteriole. The results from the 
single vessel model also indicted the importance of hematocrit profiles on NO/O2 transport. With 
RBCs present in the boundary layer, the model predicts that: 1) NO decreases significantly in the 
endothelium and vascular wall; 2) there is a very small increase in endothelial and vascular wall 
PO2; 3) scavenging of NO by hemoglobin decreases with increasing thickness of the boundary 
layer; and 4) the presence of RBCs in the boundary layer near the endothelium has a much larger 
effect on NO than on O2 transport. 
The paired arteriole-venule model in Chapter 4 was developed to investigate whether NO 
released from the venular wall affects arteriolar wall dilation. One of the key findings of this 
model is that increase in NO production from the venular wall may cause the elevation of NO 
concentration in the arteriolar wall if the venule is in the proximity of the paired arteriole. If the 
distance between arteriole and venule is large, diffusion of NO from venular endothelium is very 
unlikely to be the only factor regulating arteriolar tone. Other NO related factors, which are still 
not fully understood, may be involved. The capillary bed between the paired arteriole has been 
also shown in this model to contribute to the sustainment of tissue NO level in the physiologically 
functioning range. A number of hypotheses have been proposed to explain the higher NO 
concentration in the venular wall than in arteriolar wall [98]. The simulation results in this 
dissertation suggested that, in addition to the hypotheses that have been proposed, decreasing the 
distance between arteriole and venule can also cause this phenomena. The results also predict that 
the capillary bed, which connects the arteriole and venule, facilitates the release of O2 from the 
vessel pair to the surrounding tissue. 
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To date, the mathematical model of coupling NO transport with hemodynamics in complex 
3D vascular network has not been reported in the literature. The blood vessel network model in 
this dissertation is the first study, to author’s best knowledge, in the literature. Blood flow re-
distribution, blood phase separation effect and shear stress related NO production in the blood 
vessel network were also considerated. The results demonstrate that there are low wall shear 
stress regions in the transition of vessel bends and outer wall at vessel bifurcation. These regions 
are associated with lower NO production. The results also indicate that blood phase separation 
might cause less NO contents in the vessel wall that accepting more blood flow from the parent 
vessel. The combination of the two effects might be useful to explain the formation of 
atherosclerosis-prone area. 
In summary, four computational models in this study have been developed to understand 
the mechanisms of NO and O2 transport in microcirculation. The proposed models provided a 
useful tool for synthesizing experimental data and enable testing of many of the hypotheses 
surrounding the formation and transport of NO. The proposed research improved the fundamental 
understanding of the relationships between NO and O2 and the etiology of pathophysiological 
conditions, such as cardiovascular disease, by examining the roles of RBC profiles, O2 levels, and 
blood flow on the transport of NO [136-138]. 
6.2 Future recommendation 
The model can be improved by incorporating more factors and expanding to more 
complicated multiscale model. Some of the specific areas that could be expanded in the future are: 
1. Extending the models that were developed in this dissertation to compartmental 
models with increasingly complex networks of vessels that will be used to 
represent vascular beds of various tissues (Cooke 2003). Change of blood flow 
in vessel network might cause the alteration of NO production by the 
vascular endothelium, therefore change vascular homeostasis. This process 
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is involved in atherogenesis. The model can be used to investigate the 
hemodynamic condition, such as oscillating flow and RBC separation effect, 
on NO production and transport. A framework of the model has been derived in 
the appendix.  
2. Incorporating S-nitrosothiols into the models. S-nitrosothiols (RSNO), the S-
nitros(yl)ated products of thiols are the important intermediate for nitric oxide 
(NO)-mediated biological actions. Some studies have suggested that S-
nitrosothiols is a carrier of NO, instead of scavenger [33-35]. The proposed model 
will be able to investigate the specific mechanisms for NO and RBC reaction in 
microcirculation. 
3. Incorporating L-Arginine into the models. The intracellular L-Arginine 
concentration (~100µM) is much higher than that required by eNOS to reach 50% 
maximal activity (~3µM), however the availability of L-Arginine is still shown to 
affects eNOS for NO synthesis, called “L-Arginine paradox” [13]. The model can 
be used to investigate the mechanism of L-Arginine paradox in vivo. 
Expansion of the models in the future could greatly advance the understanding of NO 
transport and its role in physiological and pathophysiological conditions.   
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APPENDIX A: A FRAMEWORK OF MULTI-COMPARTMENT MODEL FOR 
COUPLED NO AND O2 TRANSPORT IN VASCULAR BED 
 
 
 
 
 
A.1 Description 
The multi-compartmental model for NO and O2 transport in microcirculation consists of 
four types of compartments: arteriole compartments, venule compartments, capillary 
compartment and tissue compartment. Each vessel compartment is consisted of vessels with 
similar size, length, gas partial pressure/concentration and flow rate. NO is produced on the 
vessel walls and Oxygen is carried by blood. Gases diffuse between every vessel compartments 
and tissue compartment, and between the paired arterioles and venules. Convections of gases take 
place along the vessel compartments. 
Compartmentalization of the model will be accomplished by spatially averaging model 
parameters for vessels of similar size to create multiple model compartments. As the simulation 
complexity increases, by lowering the averaging range, the number of compartments will increase. 
This architecture will provide the framework for the model to be expanded into 3-D topographical 
models that can be used to simulate more complex vascular beds, such as those found in the brain. 
A simplified approach of the derivation for NO governing equations is shown below, under 
the assumption that the O2 concentration in each compartment was already known. The 
derivation of O2 compartmental equations can be preceded with the same manner and is readily 
available from the previous study in Dov Jaron’s group [4, 90, 111, 139]. The final gas partial 
pressure/concentration in each compartment will be obtained via solving the O2-NO coupled non-
linear system. 
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Figure 0.1. A block diagram of the multicompartmental model for O2–NO coupled transport in the 
microcirculation .C: concentration, Q: blood flow rate, A: artery, a: arteriole, cap: capillary, v: 
venule, V: vein. 
 
 
 
A.2 Governing PDEs for NO profile in vessel lumen, endothelial and tissue layer 
The general mass transport equation (Equation 14) was used to develop the compartmental 
equation for a general vessel compartment. The derivation will start from the distributed 
governing equations for steady state NO transport in a vessel segment consisted of the lumen 
(radius r0), endothelial layer (outer radius re), tissue layer (outer radius rt). The vessel segment 
has length L and axial blood velocity v [10, 102]:  
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where DNO is the NO diffusion coefficient, Cb,NO, Ce,NO and Ct,NO denote NO concentration in the 
vessel lumen, endothelial layer and tissue layer; v is the axial blood velocity [10, 102]; λb and λt is 
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the NO scavenging ability by blood and tissue [118]; and RNO is NO production rate by 
endothelium. Note that RNO may be a function of shear stress of blood flow on the surface of 
endothelial layer and/or oxygen partial pressure in the blood, RNO= f(PO2,τ) [97] [10]. 
A.3 Radial and axial averaging of PDEs 
A.3.1 For NO transport in vessel compartment: 
Assume blood is homogeneous hemoglobin solution, blood flow is plug and perform radial 
averaging to equation (1) yields: 
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where cb,NO<r> denotes the cross-sectional average of NO concentration in the vessel lumen. 
Now perform axial averaging to equation (4): 
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where capital C means averaged compartmental NO concentration. 
Note that the first term in above equation represents the total flux of NO flowing out of the 
endothelial layer towards the vessel lumen, the second term represents NO flux bringing to 
downstream by convection, and the last term represents NO flux scavenged by blood. 
Using gas transport coefficient (e) that was introduced by Severns and Adams [140], the 
flux diffusing from the endothelial layer to the lumen can be represented by: 
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Substitute (6) to (5), the following equation was obtained: 
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The equation shows the mass balance in the vessel lumen: NO flux from endothelium to 
the lumen is scavenged by blood and wash away by blood. 
A.3.2 For endothelium: 
After radial and axial averaging on equation (2), the following equation was obtain: 
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Note that the first term in above equation means the sum of all NO fluxes going out of the 
endothelial layer on its boundaries: the flux flowing to the vessel lumen at blood-endothelium 
interface and the flux flowing to tissue layer at endothelium-tissue interface; the second term in 
the equation means the total amount of NO produced by the endothelial layer.   
NO flux from the endothelial layer to the lumen has been redefined in equation (6) and can 
be substitute into equation (8) readily.  
NO flux toward the tissue can be regarded as two kinds: one is scavenged by tissue; the 
other diffuse to the paired vessel. Using transport coefficient (e) and gas exchange coefficient 
between vessel pair (f) [141], two kinds of flux can be represented: 
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Substitute equation (6) and (9) into (8), Ce,NO can be expressed as: 
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where RNO is the average NO generation rate across the endothelial layer, Cp,NO is the NO 
concentration in the endothelium in the paired vessel. 
A.3.3 For tissue compartments: 
After radial and axial averaging on equation (3), the following equation was obtained: 
022
)(
1
,
0
,
0
,
2 =−⎪⎭
⎪⎬
⎫
⎪⎩
⎪⎨
⎧
⎥⎦
⎤⎢⎣
⎡
∂
∂−⎥⎦
⎤⎢⎣
⎡
∂
∂
− ∫∫ +− == NOtt
L
rr
NOe
NOe
L
rr
NOt
NOt
et
Cdz
r
c
Drdz
r
c
Dr
Lrr
et
λπππ
 (11) 
The first term represents NO flux produced by sources within tissue layer and from outside 
of tissue region. Assuming endothelial cells on vessel walls are the only source for NO generation, 
the gas transport coefficient g can be used to represent this term: 
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Therefore equation (11) can be simplified to be: 
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A.4 Assembly to form compartmental equations 
Assuming the compartmental model has n compartments and each vessel compartment (i) 
has Ni vessels with length Li. The systematic compartmental model can be obtained by 
assembling all compartments using equation (7), (10) and (12). 
A.4.1 Compartment Equation within the Blood Lumen: 
Substitute equation 10 into equation 7: 
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Summing up all the lumped governing equations for the Ni vessel segment belonging to the 
ith compartment, the following equation can be obtained: 
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where ei and gi are the gas transport coefficients for NO diffusion from the endothelial layer to the 
lumen and to the tissue, fi is the NO exchange coefficient between the paired vessels; RNO,i is the 
NO production rate of the endothelial layer for vessels in ith compartment, re,i, r0,i, Ci,NO and λb,i are 
the radius of the vessel lumen, the outer radius of the endothelial layer, NO concentration and NO 
scavenging rate by blood in ith compartment; Li is the typical length of vessels in ith compartment; 
Qi=Ni(πr0,i2vi) is total blood flow and Vi= Niπr0,i2Li is total blood volume. 
Assuming the cross-averaged NO concentration at the inlet of a vessel segment 
(ci,NO<r>(z=0)) is the same as that at the outlet of the parent vessel (ci-1,NO<r>(z=Li-1)), (14) can be 
written as: 
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Therefore, the governing equation for vessel compartments is: 
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where i=1, 2, …n-1, Ei = Niei, fi = Nifi and Gi = Nigi, and Vei= Niπ(re,i2-r0,i2)L, and the relationship 
between the lumped NO concentration in ith compartment and cross-sectionally averaged NO 
concentrations at the entrance and exit of each vessel compartment was assumed to be: 
Ci,NO=0.5(Ci-1,NO<r>+ Ci,NO<r>) for i=1,2,…,n-1. 
A.4.2 Compartment Equation within the tissue compartment: 
Substitute equation 10 into equation 12: 
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Summing up all the lumped governing equations for the Ni vessel segment belonging to the 
ith compartment: 
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Since there is only one tissue compartment, which contains all tissue cylinders surrounding 
all vessels, the compartmental equation for tissue compartment was obtained by summing all 
tissue cylinder equations: 
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=
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i
iT VtV
1
 is total tissue volume. 
This equation states that the consumption of NO by tissue is from vessel walls that 
embedded in the tissue. 
A.5 Coupled NO and O2 transport 
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The obtained NO Equations can be coupled with O2 transport equations to obtain NO and 
O2 distribution:  
A.5.1 For NO: 
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For i=1,n,….n-1 
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For i=n. 
A.5.2 For O2: 
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For i=1,n,….n-1 
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For i=n. 
In the above equations, Pi,O2 refers to partial oxygen pressure in ith compartment, Ci,O2<r>(z=L) 
means crossing averaged O2 concentration at the exit of the vessel lumen in ith compartment, Ei,O2 
is the conductance for ith compartment and Fi,O2 is the exchange coefficient for ith compartment, 
Mg is the NO inhibited O2 consumption rate and Mg=QmaxPn,O2/(Pn,O2+(1+Cn,NO/0.027)). 
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A.6 Derivation of Diffusion conductance and exchange coeff. 
A.6.1 Venule: 
From the dimensional analysis, the axial diffusion can be ignored in all vessels, and the 
dominant factor affecting NO profiles inside vessel lumen is the RBC scavenging. Therefore the 
NO profiles inside vessel lumen can be approximated by the equation below: 
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Analytical solution can be obtained [10]: 
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Note that RNO may be a function of PO2 across the endothelium and/shear stress of blood 
flow acting on endothelial surface. In case of RNO=f(PO2|endothelium), the averaged PO2 in 
endothelial can be approximated by the PO2 in the blood. Therefore RNO can be treated as 
constant in the process of finding analytical solution. 
The analytical solution is: 
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For tissue layer: 
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Analytical solution for this equation is [10]: 
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Note that jp is the exchange NO flux between arteriole and venule. Assume jp accounts for 
a certain portion of the flux generated by venular endothelium surface adjacent to tissue, jp=εjv. ε 
can vary from o to 1. 
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Substitute the analytical solutions into boundary conditions parameters a1, a2, a3, a4 and 
cw can be obtained from solving the following linear equation system. 
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Where b1= NOb D/λ  and b2= NOt D/λ . 
Therefore the cross-averaging NO profiles in the lumen NOb,c , endothelium NOe,c and 
tissue NOt,c  and NO flux across endothelium-blood interface and endothelium-tissue interface 
can be expressed using these parameters and the conductance can be calculated. 
Conductance from endothelium to blood: 
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A.6.2 Arteriole: 
Following the same procedure and replace the boundary condition 34 with  
p
rr
NOt,
NO jr
c
D
t
−=∂
∂−
=
       (40) 
  
131
Where jp is already obtained during the calculation of venule conductance. 
The conductance for venule can be expressed by solving the linear system: 
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Conductance from endothelium to blood: 
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Conductance from endothelium to tissue 
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A.6.3 Exchange coeff.: 
Exchange coefficient can be obtained: 
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A.6.4 Diffusion coefficient for capillaries: 
Following the same procedure, boundary condition 34 was replaced with the following:  
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This indicates that there is no flux exchange between capillaries. The corresponding linear 
system is:  
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The conductance for capillaries can be obtained using the similar process as arterioles and 
venules. 
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 APPENDIX B: FLEXPDE CODE FOR CHAPTER 2 SIMULATION 
 
 
 
 
 
TITLE 'Chapter 2 Simulation Code' 
COORDINATES 
 xcylinder 
SELECT CUBIC 
SELECT UPFACTOR=50 
 ERRLIM = 1e-04 
VARIABLES 
 NO 
 PO2 
 
DEFINITIONS 
 Pmax = 50.0    !specify input PO2 
 Rin = 15.000 
 Rp = 13.000 
 Rg = 14.500 
 Re = 16.000 
 Rw = 19.000 
  Rout = 120.000 
 long =  250.000 
 KS 
 KS1 = 382.5   !Carsen & Comroe, 45% Hct blood scavenging rate 
 KS2 = 0   !zero rate in endothelium 
 KS3 = 1   !scavenging rate in wall} 
 KS4 = 1    !tissue scavenging rate 
  kmo21=1*(1+(NO / .027)) 
 A1 
 A1A=1.34 
 A1B =1.34    !uM/Torr} 
Cmax=8000  !uM/liter blood at 45% Hct 
!Easton model} 
 Ps = 2.756*7.5 
 K = 0.544/7.5 
 M = .9601 
 Sz = M/(1.0-EXP(EXP(K*Ps))) 
  W = K * (Ps - PO2) 
 Sat = (M-Sz)*exp(-exp(W))+Sz 
 Slope = K*(Sat-Sz) * EXP(W) 
 B1 
 B1A=Cmax*Slope 
 B1B=0 
 D1 = 3300  !NO diffusivity 
 D2 = 2800  !O2 diffusivity 
 !!O2-Dependent NO Production Parameters} 
 V 
 V1 = 0 
 V2 = 1.0  !eNOS rate - should be low for capillaries 
 KMNO1 = 4.7 
 RNO 
 RNO1 = 0 
 RNO2 = (V2*PO2/(KMNO1+PO2))   !O2 dependent NO Production 
 Q 
 Q1 = 0   !no consumption in blood 
 Q2 = -2RNO2   !equal to -RNO2 - endothelial O2 consumption = NO production 
 Mmax1 = 0 
  
134
 Mmax2 = Q2 !!endothelium}  
 Mmax3 = -1.00 !wall  
 Q3 = (Mmax3*PO2) / (PO2+kmo21) 
 Mmax4 = -20.00 !tissue 
 Q4 = (Mmax4*PO2) / (PO2+kmo21)  
!!Velocity profile} 
Vmax = 1500 
 VEL 
 VEL1= 1*Vmax* (1-(r/Rg )^2)  !Poiseuille Flow 
 VEL2 = 0  
 
INITIAL VALUE 
 PO2 = Pmax 
 NO = 0.001 
 
EQUATIONS 
 NO: div(D1*grad(NO)) - KS*NO - 1 * VEL * dz(NO) + RNO = 0 
 PO2: A1*div(D2*grad(PO2)) + Q - 1 * VEL * (A1+B1)*dz(PO2) = 0 
  
BOUNDARIES 
Region 1 !Blood 
 KS = KS1 
 A1 = A1A 
 B1 = B1A 
 Q = Q1 
 RNO = RNO1 
 V = V1 
 VEL = VEL1 
 START(0.0,0.0) 
  NATURAL(PO2) = 0 !zero flux at centerline 
  NATURAL(NO) = 0  
 LINE TO(long,0.0) 
  NATURAL(PO2) = 0 
  NATURAL(NO)=0 
 LINE TO(long,Rp)   
  NATURAL(PO2) = 0 
  NATURAL(NO)=0  
 LINE TO(0,Rp) 
  VALUE(PO2) = Pmax-12.2725*(r/Rp)^2  !gradient for inlet PO2 - not a plug 
  VALUE(NO)=.0000330+.00081385*exp(-0.317532*(Rp-r)) !gradient for inlet NO 
 LINE TO FINISH 
 
Region 2 !plasma layer 
 KS = KS2 
 A1 = A1B 
 B1 = B1B 
 Q = Q1 
 RNO = RNO1 
 V = V1 
 VEL = VEL1 
 START(0, Rp) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
 LINE TO(long,Rp) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
 LINE TO(long,Rg) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
 LINE TO(0,Rg) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
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 LINE TO FINISH 
 
Region 3 !!glycocalyx} 
 A1 =A1B 
 B1 = B1B 
 KS = KS2 
 Q = Q1 
 RNO=RNO1 
 V=V1 
 VEL = VEL2 
 START(0.0, Rg) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
 LINE TO(long,Rg) 
  NATURAL(PO2) = 0 !zero flux 
  NATURAL(NO) = 0  
 LINE TO(long,Re) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
 LINE TO(0,Re) 
  NATURAL(PO2) = 0 !zero flux 
  NATURAL(NO) = 0  
 LINE TO FINISH 
 
Region 4 !!Endothelium} 
 A1 =A1B 
 B1 = B1B 
 KS = KS2 
 Q = Q2 
 RNO=RNO2 
 V=V2 
 VEL = VEL2 
 START(0.0, Rin) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
 LINE TO(long,Rin) 
  NATURAL(PO2) = 0 !zero flux! 
  NATURAL(NO) = 0  
 LINE TO(long,Re) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
 LINE TO(0,Re) 
  NATURAL(PO2) = 0 !zero flux} 
  NATURAL(NO) = 0  
 LINE TO FINISH 
  
Region 5 !wall} 
 A1 =A1B 
 B1 = B1B 
 KS = KS3 
 Q = Q3 
 RNO=RNO1 
 V=V1 
 VEL = VEL2 
   START(0,Re) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
     LINE TO(long, Re) 
  NATURAL(PO2) = 0  
  NATURAL(NO) = 0 
     LINE TO(long, Rw) 
  NATURAL(PO2) = 0  
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  NATURAL(NO) = 0 
    LINE TO(0,Rw) 
  NATURAL(PO2) = 0  
  NATURAL(NO) = 0    
 LINE TO FINISH 
  
Region 6 !!Tissue} 
 A1 =A1B 
 B1 = B1B 
 KS = KS4 
 Q = Q4 
 RNO=RNO1 
 V=V1 
 VEL = VEL2 
    START(0,Rw) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
     LINE TO(long, Rw) 
  NATURAL(PO2) = 0  
  NATURAL(NO) = 0 
     LINE TO(long, Rout) 
  NATURAL(PO2) = 0  
  NATURAL(NO) = 0 
    LINE TO(0,Rout) 
  NATURAL(PO2) = 0  
  NATURAL(NO) = 0    
 LINE TO FINISH 
  
MONITORS 
 CONTOUR(PO2) PAINTED FIXED RANGE (51,0) NOMINMAX 
 CONTOUR(1000*NO) PAINTED  FIXED RANGE (10,0) NOMINMAX 
 
PLOTS 
  ELEVATION(NO*1000) FROM (0,Re) TO (long,Re) POINTS = 1001 export format "#x#b#1" 
file="NORe.txt" 
 ELEVATION(NO * 1000) FROM (long/2,0) TO (long/2,Rout) POINTS = 1001 export format "#y#b#1" 
file="NO.txt" 
 ELEVATION(NO * 1000) FROM (0.05*long,0) TO (0.05*long,Rout) POINTS = 1001 export format 
"#y#b#1" file="inNO.txt" 
 
 CONTOUR(1000*NO) PAINTED  FIXED RANGE (450,0) NOMINMAX 
 
 ELEVATION(PO2) FROM (0.05*long,0) TO (0.05*long,Rout) POINTS = 1001 export format "#y#b#1" 
file="inPO2.txt" 
 ELEVATION(PO2) FROM (long/2,0) TO (long/2,Rout) POINTS = 1001 export format "#y#b#1" 
file="midPO2.txt" 
 ELEVATION(PO2) FROM (0.95*long,0) TO (0.95*long,Rout) POINTS = 1001 export format "#y#b#1" 
file="outPO2.txt" 
 CONTOUR(PO2) PAINTED FIXED RANGE (51,0) NOMINMAX 
 
HISTORIES 
END 
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APPENDIX C: FLEXPDE CODE FOR CHAPTER 3 SIMULATION 
 
 
 
 
TITLE 'Chapter 3 Simulation for RBCs in the plasma layer' 
 
COORDINATES 
 xcylinder 
 
 
SELECT CUBIC 
SELECT UPFACTOR=50 
 ERRLIM = 1e-04 
 
VARIABLES 
 NO 
 PO2 
 
DEFINITIONS 
 
 Pmax = 50.0    !specify input PO2} 
 Rin = 15.000 
! Rp = 13.000 
 Rp = 12.500 !increase the thickness of the plasma layer to 2.5 microns} 
 Rg = 14.500 
 Re = 16.000 
 Rw = 19.000 
  Rout = 120.000 
 long =  250.000 
  KS 
! KS1 = 397.81   !Carsen & Comroe, 45% Hct blood scavenging rate} 
 KS_core=391.4304397 
 KS1 = if (r<Rp) then KS_core   !Carsen & Comroe, 45% Hct blood scavenging rate} 
  else 
   if (r>=Rp) and (r<=Rg) then KS_core*(r-Rg)/(Rp-Rg) 
   else 0 
 
 KS2 = 0   !zero rate in endothelium} 
 KS3 = 1   !scavenging rate in wall} 
 KS4 = 1    !tissue scavenging rate} 
  kmo21=1*(1+(NO / .027)) 
 A1 
 A1A=1.34 
 A1B =1.34    !uM/Torr} 
 Cmax_core = 8186.780439 
 Cmax = if (r<Rp) then Cmax_core 
  else 
   if (r>=Rp) and (r<=Rg) then Cmax_core*(r-Rg)/(Rp-Rg) 
   else 0 
 
 Ps = 2.756*7.5 
 K = 0.544/7.5 
 M = .9601 
 Sz = M/(1.0-EXP(EXP(K*Ps))) 
  W = K * (Ps - PO2) 
 Sat = (M-Sz)*exp(-exp(W))+Sz 
 Slope = K*(Sat-Sz) * EXP(W) 
 
 B1 
 B1A=Cmax*Slope 
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 B1B=0 
 
 D1 = 3300  !NO diffusivity} 
 D2 = 2800  !O2 diffusivity} 
 
 !O2-Dependent NO Production Parameters} 
 V 
 V1 = 0 
 V2 = 150.0  !eNOS rate - should be low for capillaries} 
  
 KMNO1 = 4.7 
 
 RNO 
 RNO1 = 0 
 RNO2 = (V2*PO2/(KMNO1+PO2))   !O2 dependent NO Production} 
  
 Q 
 Q1 = 0   !no consumption in blood} 
 Q2 = -2RNO2   !equal to -RNO2 - endothelial O2 consumption = NO production} 
  
 Mmax1 = 0 
 Mmax2 = Q2 !endothelium}  
 Mmax3 = -1.00 !wall}  
 Q3 = (Mmax3*PO2) / (PO2+kmo21) 
 Mmax4 = -20.00 !tissue} 
 Q4 = (Mmax4*PO2) / (PO2+kmo21)  
 
!Velocity profile} 
  
 Vmax = 1500 
 VEL 
 VEL1= 1*Vmax* (1-(r/Rg )^2)  !Poisseuille Flow} 
 VEL2 = 0  
 
!!just for O2 delivery: Sat=normal value when r<Rp; 0 when r>=Rp} 
 Sat_temp = if (r<Rg) then sat 
 else 0 
 delivery = 2*3.14159*r*(Vel*SAT_temp*Cmax+Vel*A1*PO2) 
 
INITIAL VALUE 
 PO2 = Pmax 
 NO = 0.006 
 
EQUATIONS 
  
 NO: div(D1*grad(NO)) - KS*NO - 1 * VEL * dz(NO) + RNO = 0 
 PO2: A1*div(D2*grad(PO2)) + Q - 1 * VEL * (A1+B1)*dz(PO2) = 0 
  
BOUNDARIES 
 
Region 1 !Blood} 
 KS = KS1 
 A1 = A1A 
 B1 = B1A 
 Q = Q1 
 RNO = RNO1 
 V = V1 
 VEL = VEL1 
  
 START(0.0,0.0) 
 
  NATURAL(PO2) = 0 !zero flux at centerline} 
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  NATURAL(NO) = 0  
 LINE TO(long,0.0) 
  NATURAL(PO2) = 0 
  NATURAL(NO)=0 
 LINE TO(long,Rp)   
  NATURAL(PO2) = 0 
  NATURAL(NO)=0  
 LINE TO(0,Rp) 
  VALUE(PO2) = Pmax-11.1167*(r/Rp)^2       !specify gradient for inlet PO2 - not a plug} 
  VALUE(NO)=(0.4290051784e-2)+(0.1423422849e-2)*exp((.3269878737)*r)      !specify gradient 
for inlet NO } 
 LINE TO FINISH 
 
Region 2 !plasma layer} 
  
 KS = KS1 
 A1 = A1B 
 B1 = B1A 
 Q = Q1 
 RNO = RNO1 
 V = V1 
 VEL = VEL1 
  
 START(0, Rp) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
 LINE TO(long,Rp) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
 LINE TO(long,Rg) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
 LINE TO(0,Rg) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
 LINE TO FINISH 
 
Region 3 !glycocalyx} 
 A1 =A1B 
 B1 = B1B 
 KS = KS2 
 Q = Q1 
 RNO=RNO1 
 V=V1 
 VEL = VEL2 
  
 START(0.0, Rg) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
 LINE TO(long,Rg) 
  NATURAL(PO2) = 0 !zero flux} 
  NATURAL(NO) = 0  
 LINE TO(long,Re) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
 LINE TO(0,Re) 
  NATURAL(PO2) = 0 !zero flux} 
  NATURAL(NO) = 0  
 LINE TO FINISH 
 
Region 4 !Endothelium} 
 A1 =A1B 
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 B1 = B1B 
 KS = KS2 
 Q = Q2 
 RNO=RNO2 
 V=V2 
 VEL = VEL2 
  
 START(0.0, Rin) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
 LINE TO(long,Rin) 
  NATURAL(PO2) = 0 !zero flux} 
  NATURAL(NO) = 0  
 LINE TO(long,Re) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
 LINE TO(0,Re) 
  NATURAL(PO2) = 0 !zero flux} 
  NATURAL(NO) = 0  
 LINE TO FINISH 
  
Region 5 !wall} 
 A1 =A1B 
 B1 = B1B 
 KS = KS3 
 Q = Q3 
 RNO=RNO1 
 V=V1 
 VEL = VEL2 
 
    START(0,Re) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
     LINE TO(long, Re) 
  NATURAL(PO2) = 0  
  NATURAL(NO) = 0 
     LINE TO(long, Rw) 
  NATURAL(PO2) = 0  
  NATURAL(NO) = 0 
    LINE TO(0,Rw) 
  NATURAL(PO2) = 0  
  NATURAL(NO) = 0    
 LINE TO FINISH 
  
Region 6 !Tissue} 
 A1 =A1B 
 B1 = B1B 
 KS = KS4 
 Q = Q4 
 RNO=RNO1 
 V=V1 
 VEL = VEL2 
 
    START(0,Rw) 
  NATURAL(PO2)=0 
  NATURAL(NO)=0 
     LINE TO(long, Rw) 
  NATURAL(PO2) = 0  
  NATURAL(NO) = 0 
     LINE TO(long, Rout) 
  NATURAL(PO2) = 0  
  NATURAL(NO) = 0 
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    LINE TO(0,Rout) 
  NATURAL(PO2) = 0  
  NATURAL(NO) = 0    
 LINE TO FINISH 
  
MONITORS 
 CONTOUR(PO2) PAINTED FIXED RANGE (51,0) NOMINMAX 
 CONTOUR(1000*NO) PAINTED  FIXED RANGE (10,0) NOMINMAX 
 
PLOTS 
  ELEVATION(NO*1000) FROM (0,Re) TO (long,Re) POINTS = 1001 export format "#x#b#1" 
file="NORe.txt" 
 ELEVATION(NO * 1000) FROM (long/2,0) TO (long/2,Rout) POINTS = 1001 export format "#y#b#1" 
file="NO.txt" 
 ELEVATION(NO * 1000) FROM (0.05*long,0) TO (0.05*long,Rout) POINTS = 1001 export format 
"#y#b#1" file="NO_in.txt" 
 ELEVATION(NO * 1000) FROM (0.95*long,0) TO (0.95*long,Rout) POINTS = 1001 export format 
"#y#b#1" file="NO_out.txt" 
 CONTOUR(1000*NO) PAINTED  FIXED RANGE (450,0) NOMINMAX 
 ELEVATION(PO2) FROM (0.05*long,0) TO (0.05*long,Rout) POINTS = 1001 export format "#y#b#1" 
file="PO2_in.txt" 
 ELEVATION(PO2) FROM (long/2,0) TO (long/2,Rout) POINTS = 1001 export format "#y#b#1" 
file="PO2.txt" 
 ELEVATION(PO2) FROM (0.95*long,0) TO (0.95*long,Rout) POINTS = 1001 export format "#y#b#1" 
file="PO2_out.txt" 
 CONTOUR(PO2) PAINTED FIXED RANGE (51,0) NOMINMAX 
ELEVATION(SAT) FROM (0.5*long,0) TO (0.5*long,Rout) POINTS = 1001 export format "#y#b#1" 
file="SAT.txt" 
 ELEVATION(SAT) FROM (0.05*long,0) TO (0.05*long,Rout) POINTS = 1001 export format "#y#b#1" 
file="SAT_in.txt" 
 ELEVATION(SAT) FROM (0.95*long,0) TO (0.95*long,Rout) POINTS = 1001 export format "#y#b#1" 
file="SAT_out.txt" 
 
ELEVATION(Vel) FROM (0.05*long,0) TO (0.05*long,Rout) POINTS = 1001 
 
ELEVATION(delivery) FROM (0.05*long,0) TO (0.05*long,Rout) POINTS = 1001 export format "#y#b#1" 
file="O2delivery_in.txt" 
ELEVATION(delivery) FROM (0.95*long,0) TO (0.95*long,Rout) POINTS = 1001 export format "#y#b#1" 
file="O2delivery_out.txt" 
 
elevation(Cmax) from (1/2*long,0) to (1/2*long,Rin) points = 600 
elevation (KS) from (1/2*long,0) to (1/2*long,Rin) points = 600 
 
HISTORIES 
 
END 
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APPENDIX D: FLEXPDE CODE FOR CHAPTER 4 SIMULATION 
 
 
 
 
TITLE ' Chapter 5 simulation for paired arteriole and venule'     ! Mass transport in a cube with two tubes 
 
COORDINATES 
CARTESIAN3 
!CARTESIAN 
SELECT        ! method controls } 
ERRLIM = 1E-3 
contourgrid=100 
UPWIND=on 
aspect=5 
upfactor=5 
 
VARIABLES     ! system variables } 
NO 
PO2 
pressure 
 
DEFINITIONS   ! parameter definitions } 
 
R_A_plasma = 47/2   !Arteriole Lumen Radius: #Kobayashi 2002} 
R_V_plasma = 62/2    !Venule Lumen Radius: #Kobayashi 2002} 
 
Lavw=100 
apart =Lavw+R_A_plasma+R_v_plasma 
 
!Cube Geometry 
BOX_X = 700                !size change 
BOX_Y = BOX_X/1.4 
long=7500    !5000 
s=1/(75) 
Lz =long*s !7500} 
!zz=Lz/2 
Gradtest=vector(dx(NO),dy(NO)!,s*dz(NO)}) 
 
!Arteriole Geometry 
C1_X = BOX_X/2-apart*1/3   !2/5                  !Arteriole Center Location: x}           
C1_Y = BOX_Y / 2           !Arteriole Center Location: y}            
 plasma_a =2  !Aretriole Lumen Plasma thickness #Tateishi 1994} 
 endo_a = 1 
R_A_center = R_A_plasma - plasma_a 
 
!Venule Geometry 
C2_X = BOX_X/2 + apart*2/3 !3/5   !Venule Center Location: x} 
C2_Y = BOX_Y / 2    !Venule Center Location: y} 
 
 plasma_v = 2.5                !Venule Plasma Thickness: Long 2003} 
 endo_v = 1 
R_V_center =  R_V_plasma - plasma_v 
 
!Other definitions 
H 
Hcore_a=.3027002519 
Hcore_v=.2621066512 
Hwall_a=0.3*0.0146 
Hwall_v=0.26*0.0146 
Hcap=0.178*0.0146 
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KS=382.5/0.45*H   !NO consumption rate at 41% Hc  } 
Ks_cap=382.5/0.45*Hcap 
KS_tissue = 5    !   Tissue} 
 
 
A1=1.34     !O2 Solubility at blood and tissue} 
 
Cmax=8000/0.45*H    !Hemoglobin O2 binding ability} 
 
Ps = 2.756*7.5 
K = 0.544/7.5 
M = .9601 
Sz = M/(1.0-EXP(EXP(K*Ps))) 
  W = K * (Ps - PO2) 
Sat = (M-Sz)*exp(-exp(W))+Sz 
Slope = K*(Sat-Sz) * EXP(W)  !Dr. Buerk, 1989} 
 
B1 
B1A=Cmax*Slope 
B1B=0 
 
D1 = 3300    !NO diffusion Coeff.} 
D2 = 2800    !O2 diffusion coeff.}  
 
 
!V     !RNO production rate} 
V1 = 0 
RNOmaxE= 300 
RNOmaxT=0.005272*RNOmaxE       !0.00924*???} 
 
KMNO1 = 4.7 
RNO 
RNO1 = 0 
RNO2 = (RNOmaxE*PO2/(KMNO1+PO2)) 
RNO3= (RNOmaxT*PO2/(KMNO1+PO2)) 
Q 
Q1 = 0 
Q2 = -2RNO2    !NO consumption rate in endothelium} 
 
kmo21=1*(1+(NO / .027)) 
!Kmo21=1 
Mmax3 = -1.00    !O2 consumption rate in WALL} 
Q3 = (Mmax3*PO2) / (PO2+kmo21) 
 
Mmax4 = -10.00    !O2 consumption rate in Tissue vadapalli et al 2000} 
Q4 = (Mmax4*PO2) / (PO2+kmo21) 
 
! Parameters for fluid flow feild in the tissue 
Vmax_A=9315.677734 
Pa_avg=42.4                                                 !!!! Davis et al. 1986 
Pv_avg=14.2    !!!  Davis et al. 1986 
Pt_avg=22.6    !!!  Davis et al. 1986 
w_blood=5.425e-4   !blood perfusion rate in tissue 
Vporous=(box_x*box_y-3.141593*R_v_plasma^2-3.141593*R_a_plasma^2)*long    !volume of tissue 
embeding capillaries 
Qporous=Vporous*w_blood 
Bleeding=Qporous/(Vmax_a/2*3.141593*R_A_plasma^2)  !blood bleeding ratio 
!Bleeding=0 
Qblood=Bleeding*Vmax_a/2*3.141593*R_A_plasma^2 
u_a=Qblood/(2*3.141593*R_a_plasma*(long)) 
u_v=Qblood/(2*3.141593*R_v_plasma*(long)) 
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eta=4.2e-6 
!k=1.2424e-3 
 
kblood1=1/2*(u_a+u_v)*(apart-R_a_plasma-R_v_plasma)/(Pa_avg-Pv_avg) 
!kblood1=1 
 
!Velocity profile} 
R_a_x=sqrt((x-C1_x)^2+(y-C1_y)^2) 
cosa=(x-c1_x)/R_a_x 
sina=(y-c1_y)/R_a_x 
R_v_x=sqrt((x-C2_x)^2+(y-C2_y)^2) 
cosv=(x-c2_x)/R_v_x 
sinv=(y-c2_y)/R_v_x 
 
VEL_A_z=Vmax_A*(1-z/(Lz)*Bleeding)*(1-((x-C1_x)^2+(y-C1_y)^2)/(R_A_plasma )^2) 
VEL_A_r=Vmax_A/2*Bleeding/(long)*(R_a_x-(R_a_x)^3/(R_a_plasma)^2*1/2) 
 
Vmin_V=4243.973876 ! modified on Jun 6, 2006 
Vel_v_tem= -(Vmin_v+Vmax_a*Bleeding*(1-z/(Lz))*(R_a_plasma/R_v_plasma)^2) 
VEL_v_z=Vel_v_tem*(1-((x-C2_x)^2+(y-C2_y)^2)/(R_v_plasma )^2) 
VEL_v_r=-Vmax_a/2*Bleeding/(long)*(R_a_plasma/R_v_plasma)^2*(R_v_x-
(R_v_x)^3/(R_v_plasma)^2*1/2) 
 
VEL2 = 0 
 
source=0 
Ssource_a=Qblood/((long)*3.141593*R_A_plasma^2) 
Ssource_v=-Qblood/((long)*3.141593*R_v_plasma^2) 
 
vx 
vy 
vz 
Vv=vector(vx,vy) 
 
PO2_in_a=58.59286438 !Sat=90%(-.3532820281e-1)*((x-c1_x)^2+(y-Box_y/2)^2)+57.67     !  Kobayashi et al. 
2002, modified peak loction to center 
PO2_out_v=31.27673186  !60% 28.57    !(-.9963579605e-2)*((x-c2_x)^2+(y-
Box_y/2)^2)+34.95  !averge of Sat PO2 in Kobyashi et al. 2002 
 
INITIAL VALUES 
 
EQUATIONS     ! PDE's, one for each variable } 
NO:   (dx(D1*dx(NO))+dy(D1*dy(NO)))/s+dz(D1*s*dz(NO)) - KS*NO/s + RNO/s -
(Vx*dx(NO)+Vy*dy(NO))/s-Vz*dz(NO)= 0 
PO2:   (A1*dx(D2*dx(PO2))+A1*dy(D2*dy(PO2)))/s+A1*dz(D2*s*dz(PO2)) + Q/s  -
(A1+B1)*(Vx*dx(PO2)+Vy*dy(PO2))/s-(A1+B1)*Vz*dz(PO2)= 0 
Pressure: (dx(-Kblood1*dx(Pressure))+dy(-Kblood1*dy(Pressure)))/s=source/s 
 
EXTRUSION 
surface "pre-artery inlet" z=0 
layer "body" 
surface "pre-vein inlet" z=Lz 
 
CONSTRAINTS   ! Integral constraints } 
surf_integral(PO2,"pre-vein inlet","venular center")=PO2_out_v*3.141593*R_v_center^2 !137890.41 
 
BOUNDARIES    ! The domain definition } 
  REGION 1  "tissue"  ! Set up Tissue Box}    
!mesh_spacing=50 
mesh_spacing =50*exp(-1.8*((x-Box_x/2)^4+(y-Box_y/2)^4)/((Box_x/2)^4+(Box_y/2)^4))    !2-1.8 
! Parameters for WITH CAPILLARIES 
Vx=-Kblood1*dx(pressure) 
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Vy=-Kblood1*dy(pressure) 
Vz=0 
H=Hcap 
 
Cmax=8000/0.45*(Hcap/0.0146)   !!!!!!! Should use Hcap=0.175--without multiply 
capillary density 
B1=B1A   ! For with Capillaries 
KS =KS_tissue+Ks_cap*(vx^2+vy^2)^0.5/abs(u_a) !Ks_cap 
Q = Q4-2*RNO3 
RNO=RNO3 
 
    START(0,0) 
value(pressure)=Pt_avg 
    LINE TO (BOX_X , 0) 
value(pressure)=Pt_avg 
    LINE TO (BOX_X,BOX_Y) 
value(pressure)=Pt_avg 
    LINE TO (0,BOX_Y) 
value(pressure)=Pt_avg 
    LINE TO FINISH 
 
!*********************************************************************} 
!*********Below are Tube 1 Boundary Conditions********} 
 
 
 
REGION 4 "artery"   !arteriolar plasma} 
mesh_spacing=7 
source=Ssource_a 
Vx=Vel_a_r*cosa 
Vy=Vel_a_r*sina 
Vz=Vel_a_z 
H=Hcore_a-(Hcore_a-Hwall_a)*(R_a_x-R_a_center)/plasma_a 
 
B1 = B1A 
 
Q = 0! Q1 
RNO=0! RNO1   !**********RNO=0********** 
!surface "pre-artery inlet" value(PO2)=PO2_in_a 
  START "plasma_a" (C1_X - R_A_plasma, C1_Y) 
 value(pressure)=Pa_avg 
 natural(pressure)=-u_a 
 natural(NO)=(endo_a+endo_a^2/(2*R_A_plasma))*RNO2/S-Ks_cap/s 
 natural(PO2)=-2*(endo_a+endo_a^2/(2*R_A_plasma))*RNO2/S 
  ARC (CENTER=C1_X,C1_Y) ANGLE=360 
  TO FINISH 
 
 
REGION 5        !Arteriole RBC-rich region} 
mesh_spacing=7 
source=Ssource_a    
Vx=Vel_a_r*cosa 
Vy=Vel_a_r*sina 
Vz=Vel_a_z 
H=Hcore_a 
 
B1 = B1A 
 
Q = 0 
RNO=RNO1 
surface "pre-artery inlet" value(PO2)=PO2_in_a 
   START (C1_X - R_A_center, C1_Y) 
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!value(PO2)=60 
  ARC (CENTER=C1_X,C1_Y) ANGLE=360 
  TO FINISH 
 
REGION 12 "vein"   !venular plasma} 
mesh_spacing=7 
source=Ssource_v 
Vx=Vel_v_r*cosv 
Vy=Vel_v_r*sinv 
Vz=Vel_v_z 
H=Hcore_v-(Hcore_v-Hwall_a)*(R_v_x-R_v_center)/plasma_v 
 
B1 = B1A 
 
Q = 0!Q1 
RNO=0!RNO1   !**********RNO=0********** 
!surface "pre-vein inlet" value(PO2)=PO2_out_v 
  START "plasma_v" (C2_X - R_v_plasma, C2_Y) 
 value(pressure)=Pv_avg 
 natural(pressure)=u_v 
 natural(NO)=(endo_v+endo_v^2/(2*R_v_plasma))*RNO2/S-Ks_cap/s 
 natural(PO2)=-2*(endo_v+endo_v^2/(2*R_v_plasma))*RNO2/S 
  ARC (CENTER=C2_X,C2_Y) ANGLE=360 
  TO FINISH 
 
 
REGION "Venular center"    !venular RBC-rich layer} 
mesh_spacing=7 
source=Ssource_v    
Vx=Vel_v_r*cosv 
Vy=Vel_v_r*sinv 
Vz=Vel_v_z 
H=Hcore_v 
 
B1 = B1A 
 
Q = 0 
RNO=RNO1 
!surface "pre-vein inlet" value(PO2)=30 
!surface "pre-vein inlet" value(PO2)=PO2_out_v 
   START (C2_X - R_v_center, C2_Y) 
  ARC (CENTER=C2_X,C2_Y) ANGLE=360 
  TO FINISH 
 
 
 
!TIME          ! if time dependent } 
  MONITORS      ! show progress } 
CONTOUR(PO2)  NOMINMAX on z=lz/2 
  CONTOUR(1000*NO) PAINTED  NOMINMAX on z=lz/2 
PLOTS         ! save result displays } 
 
ELEVATION(PO2) FROM (C1_X,0,lz/2) TO (C1_X,BOX_Y,lz/2) POINTS = 1001 export format "#y#b#1" 
file="PO2_A_vertical.txt" 
ELEVATION(PO2) FROM (C2_X,0,lz/2) TO (C2_X,BOX_Y,lz/2) POINTS = 1001 export format "#y#b#1" 
file="PO2_V_vertical.txt" 
ELEVATION(PO2) FROM (C2_X,C2_y,0) TO (C2_X,C2_y,lz) POINTS = 1001 export format "#z#b#1" 
file="PO2_V_z.txt" 
ELEVATION(PO2) FROM (C1_X,C1_y,0) TO (C1_X,C1_y,lz) POINTS = 1001 export format "#z#b#1" 
file="PO2_a_z.txt" 
ELEVATION(Vz) FROM (C1_X,C1_y,0) TO (C1_X,C1_y,lz) POINTS = 1001 export format "#z#b#1" 
file="Vz_z.txt" 
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ELEVATION(NO) FROM (C1_X,0,lz/2) TO (C1_X,BOX_Y,lz/2) POINTS = 1001 export format "#y#b#1" 
file="NO_A_vertical.txt" 
ELEVATION(NO) FROM (C2_X,0,lz/2) TO (C2_X,BOX_Y,lz/2) POINTS = 1001 export format "#y#b#1" 
file="NO_V_vertical.txt" 
ELEVATION(PO2) FROM (0,BOX_Y/2,lz/2) TO (BOX_X,BOX_Y/2,lz/2) POINTS = 1001 export format 
"#x#b#1" file="PO2_horizon_midL.txt" 
ELEVATION(NO) FROM (0,BOX_Y/2,lz/2) TO (BOX_X,BOX_Y/2,lz/2) POINTS = 1001 export format 
"#x#b#1" file="NO_horizon_midL.txt" 
ELEVATION(PO2) FROM (0,BOX_Y/2,0.95*lz) TO (BOX_X,BOX_Y/2,0.95*lz) POINTS = 1001 export 
format "#x#b#1" file="PO2_horizon_endL.txt" 
ELEVATION(NO) FROM (0,BOX_Y/2,0.95*lz) TO (BOX_X,BOX_Y/2,0.95*lz) POINTS = 1001 export 
format "#x#b#1" file="NO_horizon_endL.txt" 
ELEVATION(PO2) FROM (0,BOX_Y/2,0.05*lz) TO (BOX_X,BOX_Y/2,0.05*lz) POINTS = 1001 export 
format "#x#b#1" file="PO2_horizon_startL.txt" 
ELEVATION(NO) FROM (0,BOX_Y/2,0.05*lz) TO (BOX_X,BOX_Y/2,0.05*lz) POINTS = 1001 export 
format "#x#b#1" file="NO_horizon_startL.txt" 
ELEVATION(sqrt(vy^2+Vx^2)) FROM (c1_x-2*r_a_plasma,BOX_Y/2,lz*0.05) TO 
(c2_x+2*r_v_plasma,BOX_Y/2,0.05*lz) POINTS = 1001 
ELEVATION(vel_a_z) FROM (c1_x-2*r_a_plasma,BOX_Y/2,lz*0.05) TO 
(c1_x+2*r_a_plasma,BOX_Y/2,0.05*lz) POINTS = 1001 
ELEVATION(vel_a_r) FROM (c1_x-2*r_a_plasma,BOX_Y/2,0.95*lz) TO 
(c1_x+2*r_a_plasma,BOX_Y/2,0.95*lz) POINTS = 1001 
ELEVATION(vel_a_r) FROM (c1_x-2*r_a_plasma,BOX_Y/2,0.95*lz) TO 
(c1_x+2*r_a_plasma,BOX_Y/2,0.95*lz) POINTS = 1001 
CONTOUR(PO2) PAINTED  NOMINMAX ON Z=Lz*0.5 export format "#x#b#y#b#1" 
file="PO2_contour_xy_5.txt" POINTS = 500 
 CONTOUR(PO2) PAINTED  NOMINMAX ON Y=BOX_Y/2 export format "#x#b#z#b#1" 
file="PO2_contour_xz.txt" POINTS = 500 
 
CONTOUR(1000*NO) PAINTED  NOMINMAX ON Z=Lz*0.5 export format "#x#b#y#b#1" 
file="NO_contour_xy_5.txt" POINTS = 500 
 CONTOUR(1000*NO) PAINTED  NOMINMAX ON Y=BOX_Y/2 export format "#x#b#z#b#1" 
file="NO_contour_xz.txt" POINTS = 500 
 
 vector(Vv) on z=Lz/2 zoom(c1_x-3*R_a_plasma,c1_y-3*R_a_plasma,6*R_a_plasma,6*R_a_plasma) 
 vector(Vv) on z=Lz/2 zoom(c1_x-3*R_a_plasma,c1_y-
3*R_a_plasma,apart+6*R_a_plasma,apart+6*R_a_plasma) 
 vector(Vv) on z=Lz/2 
ELEVATION(ks) FROM (0,BOX_Y/2,lz/2) TO (BOX_X,BOX_Y/2,lz/2) POINTS = 1001 
ELEVATION(RNO) FROM (0,BOX_Y/2,lz/2) TO (BOX_X,BOX_Y/2,lz/2) POINTS = 1001 
ELEVATION(Q) FROM (0,BOX_Y/2,lz/2) TO (BOX_X,BOX_Y/2,lz/2) POINTS = 1001 
 
Summary 
report(SURF_INTEGRAL(normal(-D2*grad(PO2)),"plasma_A","body")) as "arteriolar O2 flux" 
report(SURF_INTEGRAL(normal(-D2*grad(PO2)),"Plasma_V","body")) as "venular O2 flux" 
 
report(SURF_INTEGRAL(normal(-D2*grad(PO2)),"plasma_A","body","tissue")) as "arteriolar O2 flux tissue" 
report(SURF_INTEGRAL(normal(-D2*grad(PO2)),"Plasma_V","body","tissue")) as "venular O2 flux tissue" 
 
report(SURF_INTEGRAL(normal(-D1*grad(NO)),"plasma_A","body","tissue")) as "arteriolar NO flux toward 
tissue" 
report(SURF_INTEGRAL(normal(-D1*grad(NO)),"plasma_V","body","tissue")) as "venlular NO flux toward 
tissue" 
 
report(SURF_INTEGRAL(normal(-D2*grad(PO2)),"plasma_A","body","artery")) as "arteriolar O2 flux 
artery" 
report(SURF_INTEGRAL(normal(-D2*grad(PO2)),"Plasma_V","body","vein")) as "venular O2 vein flux" 
 
report(SURF_INTEGRAL(normal(-D1*grad(NO)),"plasma_A","body","artery")) as "arteriolar NO flux toward 
artery" 
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report(SURF_INTEGRAL(normal(-D1*grad(NO)),"plasma_V","body","vein")) as "venlular NO flux toward 
vein" 
 
report(bleeding) 
report(Qporous) 
 report(Vporous) 
report(u_a) 
 report( surf_integral(PO2,"pre-vein inlet","Vein")) as "O2 into vein" 
report( surf_integral(PO2,"pre-artery inlet","Vein")) as "O2 out vein" 
 report( surf_integral(PO2,"pre-vein inlet","artery")) as "O2 out artery" 
report( surf_integral(PO2,"pre-artery inlet","artery")) as "O2 into artery" 
 report(R_v_center) 
report(vel_a_r) 
report(vel_a_z) 
report(vel_v_r) 
report(vel_v_z) 
!report(q) 
END 
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